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THE TOXIC EFFECT OF CERTAIN CHEMICAL 
SOLUTIONS ON SPORES OF PENICILLIUM 
ITALICUM AND P. DIGITATUM‘ * 

TiTANG HWANG* and L. J. KLOTZ* 

INTRODUCTION 

Tue biate and the green molds {PenicilUum italicum 'Wehmer and P. 
digitatum Sacc.) are the most common fungi causing soft decay in citrus 
fi'iiits. They are world-wide in distribution, affecting fruits in orchards, 
in packing-houses, during transportation, and on the markets. In 1908, 
Powell {27y reported that the losses from blue-mold decay in oranges 
during transportation from California were from $750,000 to $1,500,000 
annually. 

According to Sawada’s {34) report in 1922, the two molds caused decay 
of oranges in Italy, the United States, Japan, and Formosa. Tindale (58) 
stated that in V ictoria blue and green molds are the greatest enemies of 
oranges in cold storage and elsewhere, lie {39) also reported that after 
two months’ cold storage blue mold developed extensively. In 1928, 
Barker (7) stated that green mold causes serious losses in oranges from 
Spain, Palestine, Brazil, and the Argentine; less extensive damage is 
caused to oranges from South Africa, Australia, and California, and to 
grapefruit from Florida, Puerto Rico, and South Africa. In the same 
year Reichert and Littauer {32) reported that blue and green molds 
developed on picked fruit in Palestine. Bates (8) has shown that ship- 

^Bowived for publication February 2, 1938. 

•Paper No. 367, University of California Citrus Experiment Station and Graduate 
School of Tropical Agriculture, Riverside, California. 

• Research Follow of China Foundation for the Promotion of Education and 
Culture. 

' Associate Plant Pathologist in the Experiment Station. 

* Italic numbers in parentheses refer to “Literature Cited” at the end of this paper. 

[i ] 





EUgardia 


[¥<».. 18, Mo. 1 


ment of early varieties in South Africa without precooling was attended 
by a very marked increase in mold wastage on discharge overseas. Yu 
{43) has reported that blue and green molds are found on all kinds of 
citrus fruits on the markets in China. Recently, Nattrass {24) reported 
that wastage of Cyprus oranges arriving in Europe was caused by blue 
and green molds. 

In 1925, H. S. Fawcett {13) reported that of the decay of citrus fruits 
on arrival at eastern markets, 1.4 per cent was due to blue mold and 0.8 
per cent was due to green mold. He also mentioned that the principal and 
almost the only kinds of decay found in California were the green mold 
and blue mold. In 1928, Barger {4) reported that Fawcett, after inspect¬ 
ing 500 field boxes of navel oranges in 8 Tulare County packing-houses 
in California in 1927, found that among the 1 per cent of rot in these 
oranges, 52 per cent of it was due to green mold, 32 per cent to a mixture 
of blue and green molds, 11 per cent to blue mold, and 5 per cent to other 
types of decay. According to Hopkins’ report {20) for 1929, it was shown 
that the greatest losses during storage were due to PenicUlium italieum 
and other fungi. Takeuchi {37) reported in 1929 that the rotting of 
satsuma oranges in storage or transit in Japan was caused by P. italieum, 
P, digitatum, and two other species of PenicUlium. It was estimated that 
89 per cent of the decayed fruits had P. italieum and 73 per cent had 
P. digitatum. 

The prevention of any form of wounds is the most important means of 
reducing decay, but the use of solutions of certain substances has been 
tried out as a supplementary means to prevent the rot. A solution of 
borax was first tested and described by Fulton and Bowman {17) in 1924. 
Further suggestions and confirmations for its use have been reported 
by the following: Fulton and Winston {18), Barger and Hawkins {6), 
Barger {4), the Brogdex Company {10), Powell (.38), Young and Read 
(4.8), Benton (8), Bates (8), Nattrass (.84), Putterill (80), and by Win¬ 
ston {41). The solutions of soap and of borax used in citrus-fruit pack¬ 
ing houses for washing and disinfecting have been reported by Fawcett 
{14) and by Shiver (85). Hodgson {19) claimed that the use of borax 
was rapidly going out of favor in the California citrus industry. Some 
workers {8,29) have emphasized that borax treatment can be considered 
only as an adjunct to careful handling. 

“Metbor,” a new material said to equal borax as a decay preventive, 
was reported recently by Stewart {36) to have marked advantages over 
borax in regard to cold water solubility and other properties. 

According to the Charter Oak Hotise tests {11), the sodium hypochlo¬ 
rite process will prevent blue and green molds from developing in fruit 
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while it is in transit. Recently a stabilized sodium hypochlorite concen¬ 
trate (2) has bemi manufactured; this contained 6 per cent sodium 
hypochlorite and when dilated according to directions was effective in 
eontrolling blue mold on apples and pears. Baker and Heald (3) found 
that rinsing apples for one minute with a sodium hypochlorite solution 
containing 0.4 per cent available chlorine was vei^r effective in reducing 
the number of viable spores of PeniciUium expansum on the surface and 
in the lenticels of apples and in decreasing losses from decay by this 
fungus. 

Sodium bicarbonate and sodiu m carbonate are used in countries where 
borax treatment is prohibited by law. In 1928, Barger (5) first used 
sodium bicarbonate in controlling molds. The results were confirmed by 
Young and Read (43), by the Australian Citrus Preservation Commit¬ 
tee (f), by Benton (P), by Bates (8), by Putterill and Davies (31), and 
byPutterill (80). Sodium carbonate was shown by Doidge (13) to be best 
for the control of Penieillium molds. 

Tomkins and Trout (40) stated that storage of oranges in a humid 
atmosphere with ammonium carbonate or with crystals of ammonium 
carbonate reduces green-mold decay. 

The study reported here was made for the purpose of securing more 
definite and effective means of controlling the blue and green molds by 
the use of chemical solutions. 

MATERIALS USED 

The original cultures of Penieillium italicum (No. 1746) and P. digi- 
iatum (No. 1438) were obtained from the stock cultures of the Division 
of Plant Pathology, Citrus Experiment Station, Riverside, California. 
The former was isolated by L. J. Klotz in 1930 from a decayed Valencia 
orange, and the latter by G. Savastano in 1927 from a decayed lemon. 
The medium used for these two fungi was 2 per cent glucose potato agar 
in the form of test-tube slants. 

AU cultures used throughout the experiments were incubated at 77° F 
(25° C), which was near the optimum temperature for growth on culture 
media as well as on .orange fruits, as shown by Fawcett and Barger (15). 
The rate of sporulation of Penieillium digitatum is much slower than 
that of P. italicum. For the purpose of getting fair sporulations of these 
two fungi, P. digitatum was transferred to the slant 8 daj’s earlier than 
P. italicum. For all treatments throughout the experiments, the age of P. 
italicum cultures used was 6 days and that of P. digitatum was 14 days. 
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The substances described below were used in solution form for treating 
both kinds of spores in the experiments: 

1. It was thought that a neutral soap of high purity might be used to 
facilitate wetting and to prevent clumping of spores. Accordingly a good 
grade of Castile soap was selected and tested in various concentrations. 

2 . Various concentrations of borax (sodium tetraborate decahydrate), 
N^ksB^O^-lOHjO, were used. This preparation is also called sodium bibo¬ 
rate or sodium pyroborate. It is a colorless monoclinic crystal or white 
powder and is slightly soluble in water and insoluble in alcohol. 

3. A 6 per cent solution of a mixture of 2 parts borax and 1 part boric 
acid, H 3 BO 3 , was employed. 

4. Metbor, which consists of 95 to 97 per cent sodium metaborate 
(Na 2 B 204 ‘H 20 ) and 3 to 5 per cent borax, was used in various concen¬ 
trations. 

5. Dinitro-o-cyclohexylphenol, is a yellow powder, having the empiri¬ 
cal formula CijIIiiNoO.,, and the structural formula: 


OH 



It is only slightly soluble in distilled water, di.ssol ving to the extent of 6.2 
milligrams per liter of water. It was used in concentrations represent¬ 
ing saturation, half saturation, and one-fourth saturation. 

6 . A 6 per cent sodium hypochlorite, NaOCl, was used as stock solution 
and then diluted to three concentrations of 1 . 0 , 0 . 6 , and 0.4 per cent. 

7. Various concentrations of .sodium bicarbonate, NallCO^, were u.sed. 
This is also called acid sodium carbonate and baking soda. It is a white 
opaque powder or colorless crystaLs, soluble in water. 

8 . Sodium carbonate, NajCO- (anhydrous), was used in various con¬ 
centrations. It is a white powder which is soluble in water. The, form 
commonly used commercially is called soda ash. 

9. A 0.4 per cent solution of ehloramine-T or chlorazene, 

Na :NC1 • BHjO (sodium p-toluene-sulfo-ehloramine), was also tested. It 
is also called mianine, actirin, tochlorine, chloroamine, tolamine, and 
Dakin’s antiseptic. It takes the form of colorless crystals which are solu¬ 
ble in water. 
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10. Sodium o-phenylphenate was used as a 0.15 per cent solution. The 
chemical is represented by the formula: 

ONa 



It is a white powder which is difficultly soluble in water. 

11 . A 1 per cent solution of a commercial washing powder containing 
mostly soda ash (anhydrous sodium carbonate) with some caustic and a 
trace of pine oil, was also used. 

METHODS 

The methods de.sciubed here have been used throughout the experiments 
as the standard procedure, unless otherwise stated. The more specific 
methods will be des<;ribed under separate headings. 

As soon as preparations for a certain experiment were completed the 
si)ore suspensions were made up in 0.2.5 per cent soap solution from agar 
.slant exiltures of Pcnicillivm italicum and P. digitatum. About 10 min¬ 
utes after shaking these suspensions, 5 cc of each of the suspensions was 
transferred with sterile pipettes to sterile centrifuge tubes. In order to 
precipitate the spores from suspension, these tubes were centrifuged for 
3 minutes. Immediately after that the supernatant .solution was decanted 
and into each tube was poured 10 cc of a desired concentration of the 
designated chemical. The tube was then shaken thoroughly. About 3 min¬ 
utes before the desired treatment time had expired, the tubes were put 
in the centrifuge in order to precipitate the treated spores. At the end 
of 3 minutes, the treating solution was decanted and the spores wei-e 
washed with sterile distilled water. 

When experiments on the effect of various temperatures were con¬ 
ducted, treating solutions at the desired temperature were poured on the 
spores and the tubes immersed immediately in w'ater baths at definite, 
controlled temperatures for a period of about 3 minutes less than the 
desired period of exposure. Then these tubes were put in the centrifuge 
which was fixed in an electric' oven adjusted to the same temperature as 
the W'ater bath. After the txjbes were centrifuged for 3 minutes, the treat- 
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ing solution was decanted and the spores washed with sterile distilled 
water as before. The check tubes were secured after the spore suspend 
sions in soap were centrifuged and decanted, by using 10 cc of sterile 
distilled water instead of the treating solution. At the end of the treat¬ 
ments, the number of spores per cubic centimeter was estimated by means 
of a Howard counting chamber. Generally, two counts for each fungus 
were made, one of the treated suspension and one of the untreated sus¬ 
pension. In order to determine the viability of the treated and untreated 
spores, germination and dilution plate tests in triplicate were conducted 
as follows. 

Germination .—For the sake of obtaining accurate results in spore- 
germination tests, several factors mentioned by McCallan and Wilcoxon 
(33) were considered. They stated that the most important factors are: 
cleanliness of glassware, source and age of spores, density of spore sus¬ 
pension, germination medium, concentration of toxic agent, tempera¬ 
ture, and time. For the germinations two Van Tieghem cells were sealed 
to each glass slide with vaseline. A drop of sterile distilled water was 
placed in each cell and a small amount of vaseline on the upper edge of 
each ring. A very small drop of fresh sweet-orange juice and one loopful 
(4 mm) of spore suspension were placed on a sterile cover glass which 
was then inverted over a cell. Then these cells were placed in the incu¬ 
bator at 77° F (25° C). After 24 hours of incubation, a drop of chloro¬ 
form was introduced into one cell of a slide to stop the growth during the 
period of measurement ; this was repeated in the other cell after 48 hours. 

Dilution Method .—As soon as the hanging-drop germination tests were 
completed, dilutions of 1:10,000, 1:100,000, and 1:1,000,000 were made 
by means of sterile pipettes, and 9 cc and 99 cc water blanks. Each of the 
dilutions was transferred with a pipette to a sterile petri dish. Melted 
glucose potato agar was poured into these petri dishes, and was mixed 
and incubated at 77° F. After periods of 2 days and 3 days, the number 
of colonies in the dishes was counted. 

All results shown in table 2 were recorded as an average of three tests 
for each experiment, unless otherwise noted. The average number of 
colonies per cubic centimeter in the dilution-plate counts was calcu¬ 
lated by dividing the total number of colonies of the three dilutions by 
the decimal 0.000111, since dilutions of 1:10,000 (0.0001), 1:100,000 
(0.00001), and 1:1,000,000 (0.000001) were used. The viability index 
was calculated by dividing, the average number of colonies per cubic 
centimeter of dilution-piate counts by the average number of spores per 
cubic centimeter of the microscopic counts. In the last column of table 2 
the viability of each fungus after each treatment is calculated on the 
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basis of an assumed value of 100 for the viability in the water check. This 
permits comparison of the two fungi in any given solution and gives at 
a glance the relative efficiency of the several treatments. 

MEANS OP WETTING SPORES 

Before starting the experiments on the effect of various chemical solu> 
tions, three different experiments were made with soap, the object being 
to determine the most suitable concentration for wetting spores and pre¬ 
venting clumping. 

The Effect of Various Concentrations of Soap Solution .—Spore sus¬ 
pensions were made in five different concentrations of Castile soap, 10 


TABLE 1 

OONCBKTRATION OF SOAF SOLUTION IN BeLATION TO TRS NDUBEB OP SPOBE 
Cluups at Boon Teupebatube 



Treatment 

Average num 


Number - 

Funcufl 


Per cent 
eoap 

Time, in 
minutes 

ber of clumps 
per field* 

of spores per 
cubic centimeter 



0 10 

10 

48 ' 





0 25 

10 

6.7 



PdnicHhum italicum 


0 50 

10 

8.9 


3.827.157 



1 00 

10 

a.i 





2 00 

10 

6 5 





Check 


9.6 ; 




1 0.10 

10 

7.4 





0.25 

10 

3.1 



PtnicilHum digitatum, . . 


0 50 

10 

4.8 


2,592.590 



1.00 

10 

6 8 





2 00 

10 

3.4 




1 

Check 

1 


3.8 




^ Average of 20 fields under the low power of the microscope. 


ec of each being placed in sterile centrifuge tubes. These were centrifuged 
at room temperature for about 3 minutes, the total length of exposure 
being 5 minutes. Immediately after centrifuging, all the soap solutions 
were decanted and the tubes filled with 10 cc of sterile distilled water. 
The germination tests and plate method were then carried out as de¬ 
scribed above. The results are shown in table 2, entries 1 to 12. 

Although none of these concentrations showed much inhibition of 
spore germination, the results (table 2) indicated that 0.25 per cent soap 
solution had the least effect on both spore germination and growth in 
petri dishes in the case of PeniciUium digitatum. 
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* Total nuniln*r of colonies in three dilution plates divided hy 0 000111. 

t Average number of colonies per cubic centimeter deterinined by dilution plate count divided bif the average number of spores per cubic centimeter determined by 
microscopic count equals the viability iiuieK 

X Theoretically, this figure should r:ot have exceeded the microscopic cfumt. 

11n this column in entries 13 to 2f) the fir'll number refeiN to castilc soao and the number following the semicolon refers to boia\. 
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The Concentrations of Soap Solution in Relation to Number of Spore 
Clumps .—^Five concentrations of Castile soap solution were used to de¬ 
termine the best concentration for dispersing spores of the two molds. 
Spore suspensions were made with sterile, distilled water; each of 6 
centrifuge tubes was then filled with 5 cc of the suspension. After cen¬ 
trifuging for 3 minutes, the supernatant water was decanted and the 
tubes were filled, respectively, with 10 cc of the above five concentrations 
of soap solution; the cheek tubes were filled with sterile, distilled water. 
Ten minutes after the solutions had been added, the spore clumps were 
counted by means of a How'ard counting chamber under the low power 
of the microscope. The results are shown in table 1 (p. 7). 

Table 1 shows that 0.25 per cent soap solution is the best concentration 
for dispersing spores of Pcnicillium digitatum, that is, fewer clumps ap¬ 
peared when this concentration was used. This is in harmony with the 
results on the effect of various concentrations of soap solution on spore 
germination and on the growth in petri dishes. In the case of P. italicum 
the fewest clumps appeared in the 0.10 per cent solution. Because of the 
indications of these experiments and because the several soap concentra¬ 
tions were all relatively nontoxic, a concentration of 0.25 per cent was 
chosen for use with both fungi in all experiments subsequent 1 o the third 
(entries 35 et scq. of table 2). 

Killing Effect of Borax in Relation to Concentration of Soap Solu¬ 
tion .—In comparing the effect of the concentration of soap solution on 
the killing effect of borax, the following procedures were followed : First, 
treatment w'as made with different concentrations of soap solution for 
10 minutes. This was followed by immersion in a G per cent borax solu¬ 
tion for 5 minutes at room temperature (66° to 72°, average 69° F). Sec¬ 
ondly, treatment was made with 6 per cent borax solution but without 
any previous treatment with soap solution. Finally, for checks, the spores 
were not subjected to borax treatment. Results are given in table 2, en¬ 
tries 13 to 26. 

According to the results, a 6 per cent borax solution is more effective 
in checking the spore germination and the plate growth of both fungi 
when used in conjunction with concentrations of 0.1 to 1.0 per cent soap 
solutions. 

From the results of the three experiments discussed above, it is also 
seen that 0.25 per cent soap solution is suitable for wetting spores of these 
fungi. Hereafter, unless otherwise noted, the spores for all the experi¬ 
ments were first wetted with this concentration of soap before any 
further tests were made. 
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EFFECT OF TEMPERATURE ON SPORES IN DISTILLED 

WATER 

Experiments were conducted to find how different temperatures affected 
the spores of the two molds. Winston (41) had reported that water at 
110 ° F or above showed effective control of decay. 

The general procedure for this experiment was the same as stated 
above, except that special attention was paid to obtaining and maintain¬ 
ing the desired temperatures. The more important steps for this experi¬ 
ment may be described briefly as follows: When the spore suspensions 
were centrifuged and the supernatant soap solution was poured off, 
distilled water which had been previously heated to the desired tempera¬ 
ture was poured into the centrifuge tube and shaken thoroughly. Imme¬ 
diately after that, the tubes were put in the water bath for about 2 
minutes and then into the centrifuge, which had been placed in an elec¬ 
tric oven at the same temperature. After having been centrifuged for 
about 3 minutes, the tubes were removed and the warm water replaced 
with sterile distilled water at room temperature. Germination and plat¬ 
ing tests were then made; the results are reported in table 2, entries 
27 to 34. 

The data show that the percentage of germination of the spores as 
measured by direct counts or plate cultures decreases as the tempera¬ 
tures increase. At 120° F, germination and plate growth are greatly 
repres.sed. 

EFFECT OF BORAX 

The preliminary results of the experiments of Pulton and Bowman (17) 
have shown that a commercial borax solution of 5 per cent or 10 per cent 
greatly reduces blue-mold rot of citrus fruits under experimental con¬ 
ditions. Further experiments by Fulton and Winston (18) suggest the 
, use ©fithwb per (jeut borax solution at 120° F for 5 minutes. This pro- 
eedtire was later supported and patented by the Brogdex Company (10). 
The efxperiments by Barger and Hawkins (6) at fii*st indicated that 2.5 
per cent boric acid at 120° P gave very promising results in controlling 
•blue mold (Penicillium italicum). Later borax was tested and found to be 
as-effective as boric acid and was much cheaper than the latter. From the 
results based on experimental data and data obtained from the commer¬ 
cial shipments, Barger (4) concluded that both blue- or green-mold de¬ 
cay can be controlled by 7 per cent borax solution at 110° F for 5 minutes. 
This has been confirmed by Reichert and Littauer (33). As a result of 
experiments in South Africa, Powell (28) suggests the iise of a hot 2.5 



18 


MUgari^ 


(Vot..l2,No.l 


per cent borax solution, or boric acid, or mixtures of both for the control 
of the green mold (P. digiiatum). Benton (£>) found that a 4-minute 
immersion in 8 per cent borax solution at 110® P was effective in prevent¬ 
ing decay in oranges. By the results of tests, Putterill {30) supports the 
use of 8 per cent borax. He also mentions that 4 per cent borax and 4 per 
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Fig. 1.—Effe<?t on spores of Penieillium italicum exposed to 6 per cent borax 
solution at 310° F for various lengths of time. The plates represent a 1:100,000 
dilution of the spore suspensions. The untreated suspension yielded numerous 
colonies, while treatments of 10 minutes or longer killed most of the spores. 

cent sodium bicarbonate are of equal effectiveness at high temperatures, 
but the former is less effective at lower temperatures. 

In order to determine the effect of the interrelation of concentrations 
of borax solution, with the length of treatment and various temperatures 
on the spores of both Penieillium italicum and P. digitatum, the follow¬ 
ing three experiments were conducted. 

Time of Exposure .—In each series of 16 tests, 6 per cent borax solution 
at 110° F (43° C) was used for 2, 4, 6, 8,10,12,14, and 16 minutes; as 
checks, 2 of the tests were made without chemical treatment except in 
0.25 per cent soap solution. The results are given in table 2. entries 35 
to 52, and shown in figure 1. 

The results show that the percentage of spore germination of Penicil- 
Uum italicum in 6 per cent borax at 110° P for 16 minutes is 0.1, but 
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Fig, 2.—^Effect of 6 per cent borax solution at various temperatures 
(from room temperature to 120* P), on spores of PenicUlium italicum 
(upper 6 plates), and on P. digitatum (lower 6 plates); exposure time, 
5 minutes. The plates represent a 1:100,000 dilution of the spore suspen¬ 
sions. The untreated spore suspensions of the two species at temperatures 
below 100^ F yielded numerous colonies, while treatments at 120** F killed 
all the spores of P. italicum and nearly all those of P. digitaium. 
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at the same temperature for 10 minutes it is 1.2. Similar relations were 
foimd with P. digitatum; that is, 0.9 per cent of the' conidia germi¬ 
nated after 110° P for 16 minutes, 3.9 per cent germinated after 110° P 
for 10 minutes. The results indicate that the longer the time of exposure 
to 6 per cent borax at the same temperature (110° P), the more effective 
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Fig. 3.—^Left: Comparative effect of six solutions and distilled water at various 
temperatures, on the spore germination of Penioillium italwurn; exposure time, 5 
minutes. Six per cent borax-boric acid and 0.4 per cent chloraniine-T at 130® F killed 
all the siiores while 6 per cent sodium carbonate killed nearly all. 

Bight: Effect of the same solutions on the spore germination of P. digitatum. Six 
per cent solutions of sodium carbonate, borax-boric acid, and borax at 110® F killed 
nearly all the spores. 

For convenience in plotting, the graphs are shown as starting at 70® F instead of 
69® as shown in the tables; that temperature is still within the room-temperature 
range of 66®-72®, although not the exact average. 


is the material in reducing both spore germination and the growth in 
plates of the two fungi. 

Temperature Relations .—In order to determine whether the toxicity 
of borax is affected by higher temperatures, spores of both fungi were 
treated with 6 per cent borax solution for 5 minutes at the following tem¬ 
peratures: 66° to 72° (room temperature), 80°, 100°, 110°, and 120° P. 
The results are summarized in table 2, entries 53 to 64, and illustrated 
in figure 2. 

The results show that, when the temperature increased from room tern- 
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perature to 120® F (49® C), the spore germination (24 hours later) de¬ 
creased from 49.0 per cent to 0.1 per cent in the case of PenicilUum 
itcUicum. Jja the case of P. digitatum, the same tendency is found, that is, 
germination decreased from 51.5 per cent to 1.0 per cent. 

However, even in distilled water the higher temperatures are effective 
in decreasing germination (table 2, entries 27 to 34), though 6 per cent 
borax at these temperatures is seen to be even more effective, indicating 



Fig. 4.—Effect of various concentrations of borax solution, at 13 0** P for 5 
minutes, on spores of Fenicillium italiciinu The plates represcnit a 1:100,000 
dilution of spore suspensions. The untreated suspension yielded numerous col¬ 
onies, but treatments at 30 or 12 per cent killed large numbers of spores. 

uu intrinsic fungicidal action of the borax. Furthermore, in the case of 
Pt nicillium digiiatum spores treated at 80® F, it seems that both germi¬ 
nation and growth in plates are greater than at room temperature. This 
was true in Winston’s {41) recent experiments. His conclusion is that 
increasing the temperature of borax was not ordinarily accompanied by 
a corresponding reduction in decay, except at 110° F. The comparative 
results are shown in figure 3. 

Concentration .—Tests were made to determine the best concentration 
of borax solution. The concentration of the chemical ranged from 4 to 12 
per cent in steps of 2 per cent, and the treatments were made at 110° F 
with a 5-minute period of exposure. The results are given in table 2, en¬ 
tries 65 to 76, and illustrated in figure 4. 
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The resolts show that as the concentration of borax solution increases 
the i>eroentag:e viability of the treated spores decreases. Working the 
control of decay in citrus fruit Barger (4) obtained a similar result. 
Winston (41) found that increasing the concentration of the borax solu> 
tion up to 10 per cent, progressively decreased decay in the treated 
oranges; above 10 per cent, however, there was no marked increase in 
effectiveness of decay control. 

INFLUENCE OF TEMPERATUKES ON EFFECTIVENESS 
OF A MIXTURE OF BORAX AND BORIC ACID 

From the result of experiments, Powell (28) suggested that the use of 
2.5 to 5.0 per cent hot solutions of borax or boric acid, or a mixture of both 
gave complete control of green mold. This has been confirmed by Winston 
(41). He claimed, however, that boric acid, alone or in combination with 
borax, injured the rinds of oranges, grapefruit, and tangerines, although 
the effectiveness in decay control equaled that of borax. 

Since borax and boric acid (2:1) solution is still commonly used in 
some packing-houses of California as an aid in washing as well as for 
better decay control, 8 tests including 2 checks were conducted at one 
time. For these treatments, the 6 per cent combined solution was adjusted 
to 100°, 110°, and 120° F and used for 5 minutes. The results are sum¬ 
marized in table 2, entries 77 to 84. 

These results show that there is no appreciable reduction of germina¬ 
tion at 100° F. A comparison with table 2, entries 27 to 34, shows, how¬ 
ever, that the chemical solution is more effective than water at all three 
temperatures. As indicated by germination after 48 hours, the solution 
is more toxic to Penicillium digitatum than to P. italicum. At 110° F the 
combined chemical solution of borax-boric acid is slightly more toxic 
than is a 6 per cent borax solution; at 120° F the former is more toxic to 
P. digitatum but slightly less toxic to P. italicum than is the latter. 

EFFECT OF METEOR 

Metbor is a new material which has been mentioned by Stewart (36) as 
fuUy equal to borax in fungicidal efficiency, and as having very marked 
advantages over borax in regard to solubility in cold water and other 
properties. It is completely and quickly soluble in cold water in concen¬ 
trations even greater than are necessary to obtain the equivalent of 8 
per cent borax solution. In order to determine its effectiveness on spores 
of Penicillium italicum and P. digitatum as compared with borax, three 
separate experiments were conducted. 
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Time of Exposure .—Tbis experiment eonsisted of 8 tests in which was 
used a 6 per cent solution of the chemical at room temperature (66'’ to 
72*’ F) for 2,5,10, and 15 minutes respectively. The results are given in 
table 2, entries 85 to 94. 

It is seen from the results that at the longest exposure time the germi¬ 
nation after 24 hours is 65.8 per cent for PenieiUium itdlicum and 49.6 
per cent for P. digitatum. This shows much less reduction in germination 
than does borax under similar exposures. 

Since the longest treatment was not effective, and since such treat¬ 
ments are impractical in the packing-house, 6 per cent Metbor has no 
usefulness at room temperature. 

Temperature Relations .—^Tests were made to determine temperature 
relations. Spores of both fungi were given 5-minute exposures to 6 per 
cent Metbor solution at temperatures of 66° to 72° F, 100°, 110°, and 
120° F. The results are given in table 2, entries 95 to 104, and shown in 
figure 3, 

In comparison with the re.sults of the effect of temperature of distilled 
water (table 2, entries 27 to 34), 6 per cent Metbor is much more effective 
from the standpoint of spore germination, though the reduction in plate 
colonies is less significant. 

Concentration .—Ten tests were made in which concentrations ranging 
from 4 to 12 per cent were used for 5 minutes at room temperature (66° 
to 72° F). The results are summarized in table 2, entries 105 to 116. 

Although there is some reduction of germination and number of colon¬ 
ies at higher concentrations at 5-minute exposure, the results indicate 
that the chemical is not so effective in killing spores as borax. 

EFFECT OF DINITRO-O-CYCLOHEXYLPHENOL 

Since dinitro-o-cyclohexylphenol, used as a 0.01 per cent emulsion, has 
been shown to be effective in decreasing the number of brown-rot infec¬ 
tions on lemon, caused hy Phytophthora citrophtkora, from 51.45 to 1.45 
infections per fruit,* tests for its effectiveness on PenieiUium itdlicum 
and P. digitatum were conducted, using three concentrations. The spores 
of the two fungi were treated separately at room temperature for 2 
minutes. Results are tabulated in table 2, entries 117 to 124. 

From the results it is evident that both spore germination and the 
growth on plates are but slightly affected by this substance under the 
conditions of the experiment although some reduction in number of col¬ 
onies is noted as compared to the checks. 

• Klotz, L. J., and L. L. Huillier. Dinitro-o-cyclohexylphenol as a treatment for 
brown rot of citrus. Unpublished data on file at Citrus Experiment Station, Biveraide, 
California. 1036. 
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EFFECT OF SODIUM HYPOCHLORITE 

Sodium hypochlorite (NaOCl) has been reported (2, 3) to be effective 
in controlling blue mold on apple and pear and in sterilizing packing 
rooms, etc. Klotz and Huillier’ likewise found a 0.4 per cent solution 
completely effective in controlling brown rot of lemon. 

To determine the toxicity of the chemical to blue and green molds of 
citrus, 6 tests were made with 0.4, 0.6, and 1.0 per cent solutions at room 
temperature for 2 minutes at each time; two checks were left without 
chemical treatment. The solutions were prepared by using a concentrated 
stock solution containing 6 per cent NaOCl. To prepare a solution con¬ 
taining 1.0 per cent available chlorine, the amount to be prepared is 
multiplied by 0.2. This gave the volume of stock solution to be used. The 
volume was made up with distilled water. The factor for 0.6 per cent is 
0.111 and that for 0.4 per cent is 0.072. 

The effectiveness of sodium hypochlorite is shown in table 2, entries 
125 to 132. A low concentration (0.4 per cent) of the chemical in contact 
with the fungi for 2 minutes was completely lethal. Lack of success in 
some of the earlier experiments with this material w’as found to be due 
to an insufficient mixing and wetting of the mold spores. 

Practically the hypochlorite has some disadvantages. Chlorine escapes, 
making it necessary to test and correct the treating solution frequently 
to maintain an effective concentration. The rate of lo.ss of chlorine in- 
erea,ses as the temperature of the treating solution is raised. This material 
is injurious to metal, cement, and •w'ooden tanks. In the apple industry 
(3) these objections Avere in large measure overcome by use of a small, 
separate tank where the fruit was treated cold with hypochlorite solution 
stabilized by certain organic chemicals, and by maintaining the chlorine 
concentration by frequent colorimetric measui'ements with orthotolidine 
and the addition of concentrated sodium hypochlorite. 

EFFECT OF SODIUM BICARBONATE 

From the results of experiments in California, Barger (5) suggests the 
use of 3 to 5 per cent cold or hot solution of sodium bicarbonate for reduc¬ 
ing mold. Negative results were obtained by Reichert and Littauer (33), 
w'ho state that 3 and 5 per cent solutions of sodium bicarbonate for 5 
and 1 5 minutes gave no control of Avastage. Other results, hoAA'ever, have 
shown that 3 per cent and 5 per cent solutions of the chemical at 32° C 

Klotz, L. J., and L. L. Huillier. Sodium hypochlorite as a treatment for broAvn rot 
of citrus. Unpublished data on file at Citrus Experiment Station, Biverside, Cali¬ 
fornia. 1936. 



Oct., 1938] Mwang^^Kloifs: Effect of Solutions on Fenicillium Spores 


25 


(89.5° F) for 5 minutes gave some reduction of rot. Putterill and Davies 
(31) mentioned the beneficial use of 3 per cent sodium bicarbonate solu¬ 
tion for controlling green mold. Recently Putterill (30) showed that 4 
per cent sodium bicarbonate at high tempei’ature was effective in con¬ 
trolling mold. 

To determine the effect of sodium bicarbonate on spores of PenicilUum 
italicum and P. digitatum for various periods of exposure and at several 
temperatures and concentrations of the chemical (NaHCOj), 3 separate 
experiments were conducted. The effectiveness of sodium bicarbonate was 
also compared with that of sodium carbonate at several temperatures. 

Time of Exposure .—Six tests were made with 6 per cent sf)dium bicar¬ 
bonate at 86° F (30° C) for 2,5, and 10 minutes respectively. The results 
are given in table 2, entries 133 to 140. 

As indicated, a 6 per cent solution of sodium bicarbonate at 86° F and 
for a period of 10 minutes is practically inocuous to the spores of either 
mold. The plate tests show that the chemical slightly inhibited growth. 
These results are in contrast with those of Marloth (22), who found that 
a 6 i)er cent solution for 2 or 5 minutes was decidedly toxic to the spores 
of P. digitatum. 

Temjicraturc Relations .—With the aim of comparing more critically 
6 per cent sodixim bicarbonate solution with the same concentration of 
sodium carbonate (NhoCO;,) these two substances were tested at the same 
time. The results are given in table 2, entries 141 to 158. 

The lack of efficacy of sodium bicarbonate may be summed iij) by say¬ 
ing that the chemical at 120° F show'ed no advantage over water at that 
temperature. In fact the fungi after the bicarbonate treatment shoAved 
slightly greater viability than after the ti’eatment in distilled Avater. 
Sodium carbonate, on the other hand, showed complete effectiveness at 
120° P; and at 110° and 100° greatly reduced germination and growth. 

It was also fouml that the tempei’atures of 6 per cent sodium bicarbon¬ 
ate solution below 120 F do not affect the A'iability of spores very much. 
This supports Barger’s (5) conclusion that a treating tcmperatui’e of 60° 
is as ineffective as one of 95° for this substance. 

Concentration .—The effect of various concentrations of sodium bicar¬ 
bonate solution Avas determined; the results are given in table 2, entries 
159 to 166. The reduction in germination and growth of the two fungi 
was slight. With PenicilUum digitatum, however, there is some reduction 
at 10 per cent but these tests show far less effect than is shoAAui by the 
experiments of Marloth ( 22 ). 

The results obtained by Barger (4) with experimentally injured and 
inoculated fruit shoAV that 3 per cent sodium bicarbonate at 100° F re- 
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duces decay to 35.3 per cent and that 5 per cent sodium bicarbonate 
reduces it to 32.0 per cent. He concludes that a 3 per cent solution of 
sodium bicarbonate appears to be as effective in reducing mold on fruit 
as a 5 per cent solution. 

EFFECT OF SODIUM CARBONATE 

Sodium carbonate (NagCOs) is used for controlling molds in many lemon 
packing-houses and in some orange houses in California. Doidge (IS) has 
suggested the use of a 5 per cent solution of sodium carbonate for the 
control of PenicUliuni molds. As a result of comparative treatments of 
spores, Marloth (33) has concluded that the same concentration of car¬ 
bonate is considerably more toxic than a similar concentration of bicar¬ 
bonate. Recently Winston (41) has shown that a 3.5 per cent solution of 
sodium carbonate (Na^COa ‘lOHgO) at 80° F gave nearly the same result 
as that of the check without chemical treatment. 

With the hope of obtaining more information in regard to the effective¬ 
ness of sodium carbonate in relation to time of treatment, temperature, 
and concentration, 3 separate experiments were conducted. 

Time of Exposure .—Six tests with 6 per cent solution of sodium car¬ 
bonate at 86° F were made, the spores being exposed for 2, 5, and 10 
minutes. 

The results shown in table 2, entries 167 to 174, indicate that the reduc¬ 
tion of spore germination and growth in plates of both fungi become 
more significant as the time of exposure is extended. The results are more 
or less in harmony with those of Marloth (23). 

Temperature Relations .—In this experiment, to determine tempera¬ 
ture relations, the spores were treated with 6 per cent sodium carbonate 
at temperatures of 86°, 100°, 110°, and 120° F for 5 minutes. The com¬ 
parative results are summarized in table 2, entries 144 to 149, and 154 
to 158. 

According to the results, it is shown that 6 per cent sodium carbonate 
at 120° F gave complete killing of spores of both fungi; that is, this treat¬ 
ment permitted neither germination nor the growth of a single colony. 

In comparison with the results of the effect of temperature in distilled 
water, 6 per cent sodium carbonate at 120° F is much more effective in 
preventing germination than distilled water at the same temperature. 
This also shows that sodium carbonate apparently has an intrinsic fun¬ 
gicidal action on the two fungi not accounted for by the temperature of 
the treating solution. 

It was also found that 6 per cent sodium carbonate solution at 110° F 
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was very toxic to both kinds of spores but this toxicity was slightly less 
than that at 120*^. 

Concentration.-^ln order to determine the best concentration of so¬ 
dium carbonate for controlling blue and green molds, spores were treated 
with concentrations of 2, 6, and 10 per cent for 5 minutes at 86° F. The 
results are recorded in table 2, entries 175 to 182. They show that after 
5-minute exposures the percentage of germination and the growth in 
plates of both fungi reduce significantly as the concentration increases. 
Under the conditions of this experiment, a 10 per cent solution of sodium 
carbonate was the most efficient concentration. 

The results agreed with Marloth’s (22) more in the case of Penicillium 
italieum than in that of P. digitatum, 

A comparison of the results with those of sodium bicarbonate indi¬ 
cates that the same concentration of sodium carbonate was much more 
toxic than in the case of sodium bicarbonate. 

RELATION OF TEMPERATURES TO EFFECTIVENESS 
OF CIILORAMINE-T 

Klotz and Huillier* have shown that 0.4 per cent solution of chloramine-T 
reduces brown rot of inoculated lemons from 28.65 to 0.05 infections per 
lemon. To test the effect of this chemical in controlling blue and green 
molds, 0.4 per cent solution was used at room temperature, and at 100°, 
110°, and 120° F, for 5 minutes. The effects of the various temperatures 
on the toxicity are given in table 2, entries 183 to 192. The reduction of 
spore geimination and growth in plates of both fungi is very marked at 
higher temperatures, especially at 120° F. No germination and growth 
of either fungus were found at 120°. Chloramine-T is apparently more 
toxic to Penicillium italieum than to P. digitatum at the three higher tem¬ 
peratures used. At temperatures used below 110°, it showed but slight 
toxicity. 

EFFECT OF OTHER SUBSTANCES 

Sodium o-phenylphenate at 0.15 per cent has been used by Klotz and 
Huillier* in unreported experiments on the control of brown rot of 
lemons. They show that a 0.15 per cent solution reduces the rot of in¬ 
oculated fruit from 28.65 to 0.55 infections per lemon. A commercial 

* Klotz, L. J., and L. L. Huillier. Chloramine-T as a treatment for brown rot of 
citrus. irnpubUshed data on file at the Citrus Experiment Station, Riverside, Cali¬ 
fornia. 1936. 

• Klotz, It. J., and E. L. Huillier. Sodium o-phenylphenate as a treatnjent for brown 
rot of citrus. Unpublished data on file at the Citrus Experiment Station, Riverside, 
California. 1936. 
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washing powder containing mostly soda ash with some caustic and a 
trace of pine oil, has also been commonly used in some of the packing¬ 
houses in California, and chloramine-T is reported to have been tried. 

An experiment was set up to test the relative effectiveness of these 
three substances. The time of exposure was 5 minutes, the temperature, 
66° to 72° F, and the concentrations as follows: sodium o-phenylphenate, 
0.15 per cent; chloramine-T, 0.4 per cent; and washing powder, 1.0 per 
cent. The results are shown in table 2, entries 193 to 200. 

Under the conditions used, sodium o-phenylphenate is the most effec¬ 
tive substance of the three in reducing germination and the growth of 
Penicillhim digit at um; it was also slightly more effective than chlora- 
mine-T and washing powder in reducing germination of P. italicum. The 
latter two substances are almost W’ithout effect on P. digitatum under the 
conditions mentioned above. With P. italicum, 0.4 per cent chloramine-T 
is more effective in reducing germination and the number of colonies 
than is 0.15 per cent .sodium o-phenylphenate or the 1 per cent washing 
powder. 


DISCUSSION 

The inhibiting or the lethal effect of a given solutio)i on the .spores of a 
fungus is dependent upon a number of factors, including concentration 
of the fungicide and the spore suspension, duration of exposure, solvent 
for the fungicide, temperature, II- ajid OH-ion concentration, and the 
characteristically .specific nat ure of the cations and anions. In the te.st.s 
reported in this paiier at the lower temperatures of 69°, 86°, and 100° F. 
and with a 5-minutc treatment (2 minutes for sodium hypochlorite) the 
solutions in order of toxicity from highest to lowest are as shown in table 
3, the numbers in the fourth column being the relative viability of the 
treated si^ores based on the combined mean of the percentage of germina¬ 
tion after 24 hours and the viability on a culture medium. 

The sodium hypochlorite solutions acting for only 2 minutes w'ere 
fatal to the spores of both Penicillhim italicum and P. digitatum. These 
r&sults are similar to those of Daker and Ileald (,!?) who found t hat rins¬ 
ing apples for one minute with a sodium hypochlorite solution contain¬ 
ing 0.4 per cent available chlorine was very effective to reducing the 
number of viable spores of P. expansum on the surface and in the lenti- 
eels, and in decreasing losses from decay by this organism. 

Sodium carbonate occupies a relatively high position in the toxicity 
tables, and shows a greater effect on Penicillium italicum than on P. digi¬ 
tatum. 

Borax in the cool solutions was more toxic to P. digitatum than to P. 
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Average Viability of the Spores After Treatment with Various Fungicides at Vabious Temperatures 
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• Calculations all ha‘«ed on peirentage germination aftei 24 lunir^i and relative viabilit\, being related to germination and relative viability of water check (100). 
t All treatments for 5 minutes except in the case of dinitnj-o-cyclohex\ bihenol and stxlium hvpochlonte treatments of 2 minutes. 
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italicum, although the borax-boric acid mixture had a greater effect on 
the latter. 

Sodium o-phenylphenate was effective ou both fungi but more toxic 
to PewieiUmm digitatwn. 

Cold 6 per cent solutions of Metbor and of sodium bicarbonate were 
relatively ineffective on the two fungi. A 0.4 per cent solution of chlora- 
mine-T decreased the viability of P. italicum 42 per cent but P. digitatum 
only 7 per cent. 

At the higher temperatures of 110® and 120® F, and with a 5-minute 
treatment (6 minutes at 110° F in one experiment with borax), the 
order of toxicity of the several solutions is shown in table 3. 

One of the striking features of this record is the toxicity positions 
occupied by the warm chloramine-T and borax-boric acid solutions as 
compared with those of the solutions at the lower temperatures. Another 
surprising result is the consistently greater resistance of PenieUlium 
digitatum to the growth inhibition of the several solutions. This would 
indicate that P. digitatum would be found more difficult to control with 
the solutions mentioned above than would P. italicum. But most of the 
results of experiments on decay prevention in citrus fruits show that 
borax or borax-boric acid is much more effective against the green than 
against the blue mold. As one possible explanation for this difference 
may be offered the suggestion that when the solution comes in contact 
with the oil of the rind, some chemical action takes place whereby the 
original specific toxicity of the treating solution to the particular spores 
is altered. Another explanation may be that some of the treating sub¬ 
stances remaining on the rind surface or in injuries may react differently 
to germinated spores of one fungus than to those of the other. Marloth 
{22) found that germinated spores of both fungi were more readily 
killed by borax, sodium carbonate, and sodium bicarbonate than non- 
germinated spores. 

The comparative results are shown in figure 3. Sodium bicarbonate 
again shows the least toxicity, while sodium carbonate averages higher 
for the two fungi. The importance of temperature is readily seen from 
the above and from a consideration of the results in table 2. The lower 
toxicity at the lower temperatures may be due in part to poor wetting 
of the spores, although that factor was decreased ^ much as possible by 
the pretreatment with soap solution. The greater toxicity of the chemical 
solutions at the higher temperatures should be largely related to the in¬ 
creased velocity and penetrating power of the toxic ions and molecules 
and to the kinetic energy of the particles of the solvent itself, since water 
at 120° F greatly inhibited subsequent germination. A 5-minute exposure 
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to sodium carbonate, borax-boric acid mixture, cbloramine-T, and Met- 
bor at 120° F was fatal to the spores of the two fungi, while water, sodium 
bicarbonate, and borax at the same temperature and exposure permitted 
survival of a small percentage. At 110° F nearly all the spores of PenicU- 
Hum itaUcum were killed by chloramine-T and the borax-boric acid mix¬ 
ture. Not all the spores of P. digitatum were killed by any of the solutions 
tried at 110° F, although 6 per cent sodium carbonate permitted only 0.4 
per cent germination after 24 hours and a relative viability of only 1.9. 

As would be expected, the longer the period of exposure to any of 
the several chemicals used, the smaller the percentage of germination of 
either fungus; this is especially striking in the experiments with 6 per 
cent borax solution at 110° F. The comparative results are given in 
figure 5. 

The results of the concentration experiments show that all the spores 
of both blue and green molds were killed at room temperature by the 
weakest solution (0.4 per cent) of sodium hypochlorite tried. After treat¬ 
ment with 12 per cent borax solution at 110° F, no spore germinations 
were observed after 24 hours. Conidia of Penicillium italicum treated 
with 8 per cent borax solution at 110° F were affected significantly, while 
those of P. digitatum were affected significantly in 10 per cent borax solu¬ 
tion at the same temperature. A 10 per cent solution of Metbor at 66° to 
72° began to reduce the germination of P. italicum markedly. In the case 
of P. digitatum spores were affected significantly in 12 per cent Metbor 
solution at 66° to 72°. From this point of view, it is also indicated that P. 
digitatum is more resistant to the toxicity of higher concentrations of 
borax and Metbor than P. italicum. Both spores began to be affected by 
a 10 per cent sodium carbonate solution at 86° F. Spores of P. digitatum 
and P. italicum were but slightly affected by a 10 per cent solution of 
sodium bicarbonate at 86° F, although the former were less inhibited 
than the latter. The differences among concentrations of dinitro-o-cyclo- 
hexylphenol as to their effect upon spores of both fungi were not suflB- 
ciently great to be of practical significance. 

As far as the results of these experiments are concerned, it may be con¬ 
cluded that the most effective and economical solution for killing blue 
and green mold spores is the 0.4 per cent sodium hypochlorite used for 
2 minutes at room temperature. The following solutions may also be effec¬ 
tive when used at 120° F for 5 minutes: 0.4 per cent chloramine-T, 6 per 
cent mixture of borax and boric acid, 6 per cent sodium carbonate, and 
6 per cent Metbor. Eight to 12 per cent solutions of borax are effective if 
used at 110° for 14 to 16 minutes. 

As Fawcett {14) has pointed out, 120° F for 2 to 4 minutes is gener- 
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ally considered the danger point for the temperature of washing or treat¬ 
ing solutions. With freshly picked fruit, especially with lemons, it is 
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Pig. 5.—^Left: Comparative effect on spore germination of Penicilltum italicum of 
various exposures to four diff(‘rent solutions at recommended temperatures. Six per 
cent borax solution at 310® P for 10 minutes or longer killed nearly all the spores. 

Bight: Effect of the same solutions on the spore germination of Penicillium digi- 
tatum. Six per cent borax solution at 110° P for 8 minutes or longer killed nearly ^1 
the spores. 


necessary to use lower temperatures or to dry the fruit for several days 
before treatment, as pointed out by Paweett and Klotz {16). To avoid 
injury to freshly picked fruit and at the same time secure partial control 
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of blue and green molds the four solutions mentioned above may be used 
at 110® to 115® P, providing the fruit is first allowed to dry 3 to 5 days. 

The spores showed a great tolerance toward hydroxyl ions. A 5-minute 
treatment in 2 per cent Castile soap having a pH 10.05 had no effect on 
the subsequent viability of the spores. A 2-minute treatment in 6 per cent 
soda ash solution (pH 10.16} and a 5-minute immersion in a solution of 
1 per cent washing powder (pH 9.90) had but slight effect on germina¬ 
tion. However, a 2-miuute exposure to the 0.4 per cent alkaline sodium 
hypochlorite solution (pH 11.1) was fatal. While the high OH-ion con¬ 
centration was likely an important factor in the toxicity of the hypochlo¬ 
rite solution, the lethal effects may have been due in a large measure to 
the toxicity of free chlorine, OCl ions, and nascent oxygen. Klotz (21) 
has shown that clorine even in small concentration is lethal to PenicilUum 
italicum and P. digitatum. Marloth (22) found that the spores of the two 
fungi showed abundant germination in a slightly buffered Duggar’s solu¬ 
tion to which orange extract had been added and which had been ad¬ 
justed to the acidity-alkalinity range of pH 2.4 to pH 9.4. In the range 
pH 3.0 to pH 9.2 the germination in that medium was relatively indiffer¬ 
ent to H-ion concentration. No germination of either organism was ob¬ 
tained in Sorensen’s glycoeoll buffer above pH 9.7 or in 2.6 and 10.0 per 
cent solutions f)f sodium carbonate, potassium carbonate, sodium bicar¬ 
bonate, and potassium bicarbonate, or in 4 per cent sodium tetraborate 
solution. Since the estimations of H-ion eoncenti’ation in those studies 
were made with the quinhydrone electrode they are reliable only up to 
approximately pll 7.5. For example, the pH of 10 per cent solutions of 
bicarbonate and carbonate which were reported as 8.6 and 11.4, respec¬ 
tively, were estimated by the glass electrode and reported in the present 
paper as pH 8.0 and pll 9.9. ^ _ 

The results seem to indicate that H and OH ions in the concentra¬ 
tion range of pH 2.4 to pH 10.0 are in themselves relatively innocuous 
to the spores of P. italicum and P. digitatum. However, owing to their 
possible effect in altering the permeability of the fungus protoplasts 
these very mobile ions may affect the results with other toxic ions. Oster- 
hout (25,26) found that alkali increases permeability, and that acid at 
first decreases then rapidly increases permeability in the seaweed Lami¬ 
naria saccharinum. 

Unlike the technique of the former paper (22) in which the spores were 
germinated directly in media whose pH was adjusted, the procedure of 
the present paper exposed the spores for only a short period to the action 
of the OH and other ions, then rinsed with water and mounted them in 
a medium favorable for germination. The short period of exposure to 
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the toxic solution followed by a rinse would correspond to that treatment 
u.sually given in a packing-house. Some packing-house procedures, how¬ 
ever, as in the case of the water-wax method for lemons, allow the toxic 
solution, containing soda ash in this case, to dry on the fruit and thus 
maintain a protective coating. As suggested by Marloth {22) the toxic 
salt thus deposited would form a relatively concentrated solution in con¬ 
densation water that might subsequently form on the surface of the fruit 
and would, by killing the tender swollen spores and germ tubes, repulse 
invasion of the fungi that might lodge in that water. 

Some discrepancies are seen between the results of the germination 
tests and those of the dilution plate methods. These may be due to the 
clumps of spores fttrming individual colonies which would be recorded 
as arising from single spores. 


SUMMARY 

I’o obtain information on the toxicity of various chemical solutions, at 
several temperatures and concentrations, to Pcnicilliutn italicum and 
P. digitatum (the causal agents of blue and green mold of citrias fruits), 
the spores of the fungi were immersed for certain time periods, and their 
subsequent Amiability compared with that of untreated spores by means 
of germination and dihition-plate tests. The technique of the methods 
employed is (le.scril)cd in detail. 

It was shown that a 0.25 per cent solution of a uontoxic soap elTeetively 
wets aaid prepares the spores of PenicUlinm italicum and P. digitatum 
for the chemical treatment that follows. No deci’ease in germination fol¬ 
lowed the pretreatment with the soap. 

Distilled water at 120° F for 5 minutes killed ajaproximately 90 per 
cent of the spores. 

Tests in which (5 per cent borax at 110° F was used for 2, 4, 6, 8,10,12, 
14, and 16 minutes, and at room temperature (66° to 72°), 80°, 100°, 
110°, and 120° F for 5 minutes, and at concentrations of 4, 6, 8, 10, and 
12 i)er cent for 5 mimitcs at 110° F, showed, as would be expected, that 
the longer the exposure to, the higher the temperature of, and the greater 
the concentration of the ciiemical, the more effective was the solution in 
reducing viability. Similar relations were found with sodium carbonate 
and Metbor. 

Under the conditions of the experiments toxicity of the several solu¬ 
tions to spores of Pcnicillium italicum and P. digitatum was more de- 
I)endent oii temperature than on concentration of the chemicals or the 
period of immersion. A 5-minute exposure at a temperature of 120° F 
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in a 6 per cexit borax-boric acid mixture, or 6 per cent Metbor, or 0.4 
per cent chloramine-T, or in 6 per cent sodium carbonate, was lethal to 
the spores of both fungi. Details of the effects of the several temperatures 
may be secured from tables 2 and 3. 

A saturated solution of dinitro-o-cyelohexylphenol and a 1 per cent 
proprietary washing powder used at room temperature for 2 minutes 
and 5 minutes, respectively, showed only a slight inhibitory effect on 
spore gennination. 

A 5-minute exposure of the spores in 6 per cent sodium bicarbonate at 
86°, 100°, 110°, and 120° F showed no advantage of the chemical over 
water. At 86° P, immersion in a 10 per cent solution of sodium bicarbon¬ 
ate for 5 minutes or in one of 6 per cent for 10 minutes, had but little 
effect on the spores. 

Two-minute exposures to 0.4, 0.6, and 1.0 per cent solutions of sodium 
hypochlorite were fatal to the spores of both fungi. 

Excluding the sodium hypochlorite solutions which killed all the 
spores of both fungi, the three most efficacious solutions, when used at 
100° P and below for 5 minutes, were 6 per cent sodium carbonate, 0.1.5 
per cent sodium o-phenylphenate and 6 per cent borax; at 110° and 
120° P the 3 most toxic were 0.4 per ceiit chloramine-T, 6.0 per cent 
sodium carbonate, and the 6 per cent mixture (2:1) of borax-boric acid. 
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LEAF-SCAR INFECTION IN RELATION TO THE 
OLIVE-KNOT DISEASE’ * 

WM. B. HEWITT* 

INTRODUCTION 

Olive knot, a serious disease of Oleo europea L. in most of the olive-pro¬ 
ducing districts north of the Tehachapi mountains of California, is char¬ 
acterized by the development of overgrowths, knots on the branches. 
These knots develop most frequently at the leaf scars except in years 
when freezing injury occurs. The present study furnishes inoculation 
data, with histological evidence that the scars, under certain conditions, 
are portals of entry of the causal agent. Bacterium savastanoi E.P.S., 
into the host. This paper also deals with inoculation experiments used to 
determine the length of time during which the leaf scars are susceptible 
to infection. It further describes the microchemical and histological 
studies of the development of the abscission region just before and after 
leaf fall, and thereby elucidates the role played by leaf scars in infection. 

PREVALENCE OP LEAP-SCAR INPECTION 

Observations in California olive groves show that a large percentage of 
the new knots forming each year develop at leaf sears. Horne, Parker, 
and Daines (2)* were first to point out this fact: “By far the largest num¬ 
ber of knots appear on leaf scars or wound callus.” Wilson (ff) also recog¬ 
nizes the importance of leaf scars as infection courts. He points out that 
in years other than those in which freezing injury occurs, as high as 90 
per cent of the new knots on branches develop at leaf scars. 

The distribution of inoculum from active knots necessary to infect leaf 
scars depends upon the presence of dripping moisture, as from rain. 
Horne, Parker, and Daines (5) state that the bacteria exude in a slimy 
mass from the fissures of knots during rain. Wilson (5), in further and 
more extensive studies, demonstrates the importance of rain in the exu¬ 
dation and spread of the organism as related to infection. He shows that 
enough bacteria were present to cause infection within a short period 
after the knots were moistened. He placed wounded, healthy, potted 
trees under diseased trees, allowed a fine spray of water to fall over them, 

* Beceived for publication March 21,1938. 
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and then placed the potted trees in the greenhouse so that the knots might 
develop. In this experiment he reports numerous knots developing on 
trees removed from the spray 7 minutes after it was started. Wilson also 
infected newly formed leaf scars by artificial inoculation and showed 



Pig. 1.— A, B, 01iY<i knots showing leaf scars on the surface. C, Young 
olive knots resulting from natural leaf-scar infections. (A,x2; B,x4r: 
C, natural size.) v ^ f 


that the vessels in the leaf scars were open at the time of leaf fall. Accord¬ 
ing to his climatic studies, infection may occur in a range of temperature 
from about 40^ to 100"^ F. • 

The orij?in of the knots can be determined by examination. Those devel¬ 
oping at the nodes usually form at the leaf scar, which upon close inspec¬ 
tion, can usually be seen on the surface of young knots (flg. 1). 
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To gain further evidence as to the importance of leaf-scar infection, 
the following experiments were carried out. On May 5,1936, in a Mission- 
olive orchard in Sacramento County, 60 healthy branches were tagged. 
When these were re-examined in October, 241 knots v'ere discovered, of 
which 225 (about 93.5 per cent) were located at leaf scars. 

On May 14, 1936, in the same olive orchard 339 yellow leaves about 
ready to fall were removed by bending them slightly backward. This leaf 
removal was continued until interrupted by a shower. Other light show¬ 
ers occurred on May 28. By August, 229 of the leaf scars (67.5 per cent) 
had developed knots. 

The olive normally drops some of its older leaves each season, and the 
lime of abscission of leaves plays an important part in the infection of 
leaf scars. Wilson (6 ), .studying natural leaf fall, finds that the period of 
maximiim fall varies with the season; and, in unpublished experiments, 
shows that leaf drop genei'ally starts about the time growth begins in late 
Januarj’^ or Pebruai-y, rises slowly during the early months, and increases 
.suddenly to a maximum at full bloom around the middle of May. It then 
decreases through the summer and usually ceases by the latter part of 
September. Observations by the writer during the .seasons of 1935 and 
1936 confirmed those of Wilson. 

MATERIALS AND METHODS 

Choosing Material .—All e.xpcriments, unless otherwise stated, were con¬ 
ducted on the Mission xariety of olive in an orchard in Sac-rameuto 
County, California. 

Eresh leaf scars were made by removing only the leaves that were 
three-fourths to entirely yellow. In siich leaves the abscission process 
was well advanced, and the leaves were about to drop. The leaves were 
removed by placing a pencil or finger at the tip of the leaf and bending 
them toward the base of the stem. If the leaf fell by the time it was pushed 
back one half of the distance to the main limb—^that is, approximately 
45“—^tlie resulting scar was encircled with a red wax pencil mark and 
retained for use in these studies. 

Method of Inoculation .—In artificial inoculations a water suspension 
of Bacterium savastanoi E.P.S. from a 36- to 48-hour culture on potato 
dextrose agar was used. A drop of this suspension was placed over the 
leaf scar with a small camel’s hair brush. 

Collecting Leaf Scars .—Leaf scars wei*e collected by cutting out a 
small portion of the stem along with the leaf scar (fig. 2, B). 

Moist Chambers .—Moist conditions were provided by enclosing a 
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branch in a cylinder of wire ganze (^-inch mesh scireen) and afterwards 
wrapping it with three layers of wet cheesecloth. The bottom of the cham* 
ber was then placed in a can containing water, and the can was suspended 
by a wire from a large branch in the tree (fig. 2, A). 

Method of Holding Fresh or KUled Unimhedded Leaf Scars for Sec¬ 
tioning. —Sliding microtome sections of leaf scars killed, fixed, and 
stored in formalin-acetic-aleohol solution, together with sections of fresh 



Fig. 2.— A, Diagram of the moist chamber used. B, Illustrating 
the method used for cutting leaf scars from the stems before fix¬ 
ation. 


leaf scars, were used for these studies. The collected scars were small and 
in order that they might be sectioned without imbedding, a method was 
devised to hold the scars. They were mounted directly iu paraffin blocks. 
The tissue was first blotted until the surface appeared dry. A small hole 
was melted in one end of a paraffin block with a hot iron rod, and the sear 
was then inserted into the melted paraffin. To loosen air bubbles adhering 
to the scars, a warm dissecting needle was moved around the material; 
this also served to orient the scars in the blocks. The paraffin block was 
then cooled in ice water, trimmed, and sectioned by the sliding micro¬ 
tome. Most of the sections of the leaf scars freed themselves from the sur¬ 
rounding paraffin when placed in water, but sections that adhered to the 
paraffin were freed easily by-prodding with a small brush. 

Paraffin Method Used. —The material was killed and fixed in a solution 
of formalin 10 cc, acetic acid 10 cc, and 50 per cent alcohol 100 cc for 12 
hours or longer. It was imbedded in paraffin as follows: (A) The speci- 
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mens were transferred directly from the formalin-acetic-alcohol into a 
solution of 10 per cent glycerin in water. The solution was then allowed 
to evaporate imtil it became thick. (B) The material was next succes¬ 
sively transferred through the following glycerin and normal butyl alco¬ 
hol mixtures and left in each for 48 to 72 hours: 

(a) 75 parts of glycerin and 25 parts of normal butyl alcohol. 

(b) 50 parts of glycerin and 50 parts of normal butyl alcohol. 

(c) 25 parts of glycerin and 75 parts of normal butyl alcohol. 

(d) Pure dehydrated normal butyl alcohol; four changes—^the first 
two 24 hours apart, the next two 48 hours apart—^were used. The con¬ 
tainers were placed on top of the parafiin oven to w’arm; this hastened the 
removal of all the glycerin. 

(C) Small amounts of paraffin were added to the last change of butyl 
alcohol while the specimens were still on top of the oven, and they were 
allowed to stand for 12 hours. Then the process of infiltration was com¬ 
pleted as in standard schedule (5). 

INOCULATION OF THE ABSCISSION ZONE BEFORE 

LEAF FALL 

If infection of the leaf abscission zone were to precede leaf fall, it might 
be expected to occur through a break in the epidermis or some other open 
infection court. This point was tested by inoculating the base of the pet¬ 
iole with a water suspension of Bacterium savastanoi. On May 31,1935, 
50 yellow leaves were inoculated at the base of the petiole. When exam¬ 
ined on August 31, only 2 out of the 50 leaf scars had developed knots. 
Again on May 4, 1936, the base of the petioles of 67 yellow leaves were 
inoculated. The number of leaves that had fallen at intervals after inocu¬ 
lation were as follows: at the end of 1 hour, 29; 3 hours, 42; 24 hours, 55; 
and 48 hours, 64. By September 1, 2 of the 67 leaf scars had developed 
knots. The leaves from the leaf scars that developed knots probably fell 
shortly after inoculation, which allowed the inoculum to spread over 
the scar and accomplish infection. 

The condition of the epidermis of the petiole in the region of the ab¬ 
scission zone was studied in 25 yellow leaves. A break that might serve 
as an infection court was found at the abscission zone in the axil of only 
one leaf. Figure 3 shows a photograph of this break. Judging from these 
results and from the inoculations previously described, infection of leaf 
scars is not apt to occur before leaf fall. 
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THE NEWIiY FORMED LEAF SCAR 

A mierocliemical and histological study of the abscission zone of 25 yel¬ 
low Mission-olive leaves was made before and after leaf fall to determine 
what changes take place in this zone, because the structure and composi¬ 
tion of these tissues were suspected to liave an important relation to the 
infection process. 



Fig. 3.—A portion of a Jougitudinal section through the abscission 
zone of a yellow leaf, showing a break in the epidermis in the axil 
of the leaf. Details are: a, llud; h, a break in the epidermis at the 
edge of the abscission zone in the axil of the leaf: c, absciSfSion zone * 
d, leaf petiole, (x 55.) 

The mode of abscission iii the olive leaf resembled tliat of Castmmi 
sativa Mill., as described by Lee (4). 

The abscis.sion zone of the olive leaf lies at the base of the leaf petiole 
very close to the stem and, iii lonfritudinal sections, stains lighter than 
the surrounding tissues (fig. fi). The number of layers of cells involved 
in the abscission zone varies from 1 to 7, but is more frequently 3 to 5. 
The zone extends from the epidermal cells through the entire diameter 
of the petiole and involves all the living cells. Leaf fall does not occur 
until the leaf is almost completely yellow. Separation takes place along 
an irregular plane between the walls of cells in the portion of the zone 
proximal to the stem. 

In no leaves studied were there any cell divisions before separation, 
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nor any protective layers of lignin, gum, or suberin formed in the tissues 
above or below the abscission zone. The cuticle, sieve tubes, vessels, and 
fibers were mechanically broken at leaf fall. The epidermal cells at the 
separation plane of the scar appeared as though they had been broken at 
leaf fall. Just after leaf fall, therefore, the scar was an open wound, with 
exposed unpi*otected tiasue, and open ves.sels. 

SUSCEPTIBILITY OF NEWLY FORMED LEAF SCARS 

TO INFECTION 

In June, 1935, leaf scars made by removing yellow leaves were inoculated 
immediately after their formation. Some were placed in the moist cham¬ 
bers for incubation; others were left exposed to outside atmospheric con¬ 
ditions. The inoexilations were made when the outside air temperature 
was 28.5° C in the shade and when a gentle north wind was blowing. The 
temperature in the moist chambers ranged from 20° to 21° C. Of the 196 
leaf sears inoculated and placed in moist chambers for 24 hours’ incuba¬ 
tion, 156 (or 79.6 per cent) developed knots; and of the 224 left outside 
of moist chambers 184 (or 82.6 per cent) developed knots. The data show 
that inoculations made immediately after leaf fall produced a high inci¬ 
dence of leaf-scar infection, and indicate that moist chamber conditions 
are not esfsential to a high degree of infection. 


PERIOD DITRINC WHICH LEAF 8CARS ARE SUSCEPTIBLE 

TO INFECTION 

The period during which leaf scars are susceptible to infection was de¬ 
termined by periodic inoculations after scars were formed. 

The leaf scars of one series were left outside of moist chambei's until 
inoculation at which time they were placed in moist chambers for incu¬ 
bation and left 24 hours, after which the moist chambers were removed. 
The leaves for a second series were remoA’ed on the same dates, the sears 
being placed in moi.st (ihambers when formed, to determine the influence 
of high atmospheric humidity on scar healing and its relat ion to infec¬ 
tion. After the moist chambers had been removed a short time for in¬ 
oculation, they were replaced and left over the scars for 24 hours after 
inoculation, then removed. 

Groups of leaf scars in each series were inoculated at intervals after 
they were formed. Series of inoculations were made during June, 1935; 
made again in May, 1936, because of an early season; and repeated at 
shorter interv’als in tlune, 1937. The scars were allowed to remain on the 
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trees until knots were well developed (fig. 1). The results are given in 
table 1, and presented graphically in figure 4. 

As shown in figure 4, the percentage of leaf scars susceptible to inac¬ 
tion decreased rapidly within the first day. This drop is much more pro- 

TABUSl 

Besttlts or Inoctji.ations or LEAr Scabs at Vaeious Time Intebtals 
A rTEB I>EAr Removal 



Inoculations of 1936 

Inoculations of 1936 

Inoculations of 1937 

Age of leaf soar 
at time of 
inoculation 
(days) 

Number 
of leaf scars 
inoculated 

Per cent 
of leaf scars 
forming 
knots 

Number 
of leaf scars 
inoculated 

Per cent 
of leaf scars 
forming 
knots 

Age of 
leaf soar 
at time of 
inoculation 
(hours) 

Number 
of leaf sears 
inoculated 

Per cent 
of leaf scars 
forming 
knots 


Scars left outside moist chambers, except for 24>hour inoculation period 


0 

11 

81 8 

46 

97.9 

0 

51 

96.5 

1 

14 

67.2 

37 

64 8 

1 

36 

100.0 

2 

12 

41.6 

46 

67.8 

3 

24 

99.2 

3 

12 

25 6 

38 

39.6 

6 

24 

79.2 

4 

10 

40.0 

33 

42.4 

12 

22 

68.2 

5 

12 

33.0 

44 

34 1 

24 

23 

62.2 

7 

12 

8.3 

37 

13.6 

48 

23 

42.4 

8 



40 

16.0 

72 

35 

31.7 

9 



14 

7 0 

96 

45 

28 9 

10 



12 

0 




13 

11 

0 






15 

12 

0 






21 

10 

0 






Uninoculatod 

15 

0 

34 

14 7 

Uninocu¬ 








lated 

26 

0 


Scars kept in moist chambers until 24 hours aft«r inoculation 


0 

20 

86.0 

80 

90 0 

0 

61 

96.6 

1 

24 

29.2 

74 

24 3 

1 

26 

92.0 

2 

30 

3 3 

64 

17.2 

3 

20 

100.0 

3 

39 

6.1 

39 

12.9 

6 

20 

85.0 

4 

16 

6.2 

98 

9.2 

12 

20 

76.0 

5 

10 

0 

60 

1.7 

24 

22 

18.2 

6 



26 

0 

48 

22 

13.6 

7 

16 

0 



72 

24 

8.0 

11 

11 

0 






Uninoculated 

10 

0 

61 


Uninocu¬ 



_ 





lated 

15 

0 


nounced in the scars kept in moist chambers than in the scars left outside. 
According to these data, leaf scars left outside of moist chambers are 
susceptible to infection longer than those kept in moist chambers. The 
latter became immune about the fifth day, whereas the former did not 
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become immune until they were 7 to 9 days old. The infection of some of 
the scars used as controls invalidates the curve of 1936 inoculations after 
the sixth day, ednce any infection shown after this time may have resulted 
from earlier natural infection that prevented the curve from dropping 
to zero. The United States Weather Bureau in Sacramento recorded a 



Fig. 4.—Showing the relation between the age of the leaf sears 
in days at the time of inoculation with B. savastanoi and the per cent 
of scars developing knots for both those kept in moist chambers and 
those left outside. 

trace of rain on May 13 and 0.30 inch on May 14. These rains, occurring 
on the fifth and sixth days of the series of inoculations, might have ini¬ 
tiated some infection in the experimental scars. 

In 1937 the inoculations were made at shorter intervals to discover 
when the drop in infected scars takes place through the first 24 hours 
(table 1 and fig. 5). During the first 12 hours, the percentage of scars 
infected at each inoculation period remained about the same, both for 
those scars kept in moist chambers and for those left outside. In the 
former, the infected scars dropped from 75 per cent at the 12-hour period 
to only 18 per cent at the 24-hour period, while in the latter group the 
percentage of scars infected dropped gradually at each inoculation after 
3 hours. 
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Though the number of scars used in any one year’s inoculation is small, 
the results for the three years consistently show that leaf scars soon be¬ 
come immune to infection (fig. 4). 

If the conditions within the moist chambers might simulate a rather 
long period of high humidity, such as might occur with a rain of a week’s 



Fig. 5.—^llcsults of the 1937 inoculalione of leaf soars at short 
time Intervals after leaf removal, showing the relation between the 
age of the leaf scars in hours at the time of inoculation and the per 
cent of scars which developed knots, for both those placed in moist 
chambers and those left outside. 

duration, then, in the early summer the processes that prevent infection 
take place more rajiidly during periods of continuous high humidity than 
during those of low humidity. Under California conditions, however, the 
spring rains are usually short, generally lasting only a few hours but 
seldom continuing more than two days. The leaf scars left outside the 
moist chambers were subjected, then, to the weather conditions that most 
frequently occur in the spring. Apparently, therefore, 80 to 95 per cent 
of the leaf scars are susceptible to infection at the time of leaf fall, the 
percentage of infectable scars drops to about 40 per cent by the fourth 
day, and most scars are immune to infection by the end of the ninth day 
after leaf fall. 
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MICROCHEMICAL STUDIES OP THE HEALIN(j 
PROCESSES IN LEAP SCARS 

Microchemical studies of the healing processes of uninoculated leaf scars 
were made to determine the processes which take place in these tissues 
and which may explain the results obtained in the inoculation experi¬ 
ments. Por this purpose leaf seal’s were formed by removing yellow 
leaves, but the scars were not inoculated. One group was placed in moist 
chambers; the other left outside of moist chambers. A collection from 
each group was made when the leaf scars were formed, and other collec¬ 
tions of ten scars each were made on each of the ten days following. The 
scars were preserved in the alcohol-formalin-acetic acid fixing solution 
until they were sectioned. The healing processes of the sears used in these 
studies should correspond to those of the leaf scars used in the inocula¬ 
tion work, for these collections came at intervals corresponding to the 
inoculation intervals which were made in experiments to determine how 
long the scars were susceptible to infection. 

Longitudinal sections about 15 microns thick were made with a sliding 
microtome. Micro(diemical tests consi.sted of determining the presence of 
and changes in wound giuu, vrater-soluble gums, lignin, suberin, oil, 
starch, and tannins. Unle.ss otherwise staled, the microchemical methods 
used were those tle,scribed by Kawlins (5). 

Wound Gum .—^Wound gum is defined as a substance often found in 
vessels of plants adjacent to wounds and in wood invaded by wood-decay 
fungi. It is insoluble in water and stains red with phloroglucinol in hy¬ 
drochloric acid (5). Haas and Hill (I), in a similar descnjition, mention 
the following properties of M’ound gum: It does not swell in water; it is 
insoluble in sulfuric acid and caustic soda; and on oxidation it yields 
both mucie and oxalic, acids. According to Kiister {3) wound gum is in¬ 
soluble in alcohol, ether, carbondisulfide, cold nitric acid, and cold aqua 
regia but soluble in warm nitric acid and in a combination of hydro¬ 
chloric acid and chlorate of potash. 

Table 2 gives the results of microchemical tests in leaf-scar tissues. 
The formation of wound gum was one of the first and most conspicuous 
processes observed in the healing of leaf scars. It occurred in the cell 
walls, intercellular material, intercellular spaces, and lumina of vessels. 

The only test that would distinguish wound gum from lignin was the 
Maule reaction (5), which colors lignified tissues light red but does not 
give a color reaction with wound gum in the leaf scar. Wound gum, there¬ 
fore, is regarded in this paper as the water-insoluble material that forms 
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in the leaf-scar tissues, reacts positively to most lignin tests, but does not 
color with the Maule reaction. 

Longitudinal sections of leaf scars killed and fixed immediately after 
they were formed exhibited no detectable change in the composition of 
the tissues except in one scar where a trace of wound gum was found in 


TABLE 2 

Mickochemioal Beactioks or the Wouin>-GuM Zone m the Leat Scab 

ClMtificaiionn concluded on Oppoeiie Page 




Tissues adjacent to the wound-gum zone 


C'hemioal test 


Reaction of the cell walls of: 


Inter* 

cellular 


Cortex 

parenchyma 

Cortex 
fiber celb 

Xylem 

parenchyma 

Vessels 

material 

of 

parenchyma 

Iodine and potassium iodide 

_,* 

Yellow 

— 

Yellow 

— 

I-KI followed by 72 per cent H 2 SO 4 . 

Blue 

Yellow, later 
brown 

Blue 

Yellow, later 
brown 

— 

Zinc chloriodide 

Ferric chloride and potaHsiiun 

Blue 

Light clear 
yellow 

Blue 

Light clear 
yellow 

— 

ferricyanide . . ... 

Green 

Light blue 

Green 

Light blue 

Dark green 

Dinitro-phenylhydrasine .. 

— 

Yellow 

— 

Yellow 

— 

Maule reaction 

— 

Light red 

— 

Light red 

— 

Phloroglucinol in HCl . ... 

— 

Red 

— 

Red 

— 

Orcinol followed by HCI . ... 

— 

Light blue 

— 

lyight blue 

1 

— 

Ruthenium red{ . 

— 

_ 

_ 

1 

1 _ 

_ 

Phloroglucinol in HClt 

— 

— 

— 

1- 

-- 

Zinc ohloriodidet 

Blue 

Blue 

Blue 

Blue 

— 

Ruthenium rod^ , . 

Light red 

Red 

Red 

Light red 

Red 

Phloroglucinol in HC'l^ 

— 

— 

— 

— 

— 

Zinc chlonodidel 

Blue 

Blue 

Blue 

Blue 

— 

Polarized light... .... 

Anisotropic 

Anisotropic 

Anisotropic 

Anisotropic 

Isotropic 


* The dashes indicate negative results, 
t The substances were removed by chlorination. 
t After chlorination and Bodium>sul6te treatment. 

1 After chlorination and treatment with 10 per cent ammonium hydroxide. 

cortical cells. The first change regularly noted after the scars were 
formed was in the protoplasm of the cells that were to make up the 
wound-gum zone. Such protoplasm contained a yellow amorphous mate¬ 
rial (table 4) which stained a dark brown when treated with phloroglu- 
cinol in hydrochloric acid. 
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Traces of wound gum were found at the end of the first day in the 
tissues of scars left outside moist chambers (table 3 and plate 1, A), but 
not until the second day in the tissues of the scars placed in moist cham¬ 
bers (table 5 and plate 3, il). In the former the wound-gum zone devel¬ 
oped in 3 to 6 layers of cells, which were usually from 4 to 11 tiers of cells 
from the surface of the scar. Photographs of stages in the formation of 
wound gum under these conditions are shown in plates 1, 2, and 3. 


Wound-Kum sone of the leaf scar 


Reaction of the cell walls of: 

Reaction of the material 
plugging the: 

Inter> 

Cortex 

parenchyma 

Cortex 
fiber cells 

Xylem 

parenchyma 

Vessels 

Lumina of 
vessels 

1 

Intercellular 

spaces 

cellular 

material 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow 

Yellow, later 

Yellow, later 

Yellow, later 

Yellow, later 

Yellow, later 

Yellow, later 

Yellow, later 

brown 

brown 

brown 

brown 

brown 

brown 

brown 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

Blue 

Blue 

Blue 

Blue 

Blue 

Dark blue 

Dark blue 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

Deep yellow 

1 Deep yellow 

Deep yellow 

— 

Verj' light red 

— 

Light red 

— 

— 

— 

Red 

Red 

Retl 

Red 

Red 

Red 

Red 

Blue 

Blue 

Blue 

Blue 

Blue 

Blue 

Blue 

_ 

■ 

1 __ 


Removed t 

Removed 

Removed 

_ 

— 

—- 

— 

Removed 

Removed 

Removed 

Blue 

Blue 

Blue 

1 Blue 

Removed 

f Removed 

Removed 

Light red 

Light red 

Red 

Light red 

Removed 

Removed 

Red 

— 

— 

— 

— 

Removed 

Removed 

— 

Blue 

Blue 

Blue 

Blue 

Removed 

Removed 

'— 

Anisotropic 

Anisotropic 

Anisotropic 

Anisotropic 

Isotropic 

Isotropic 

Isotropic 


In those scars outside moist chambers wound gum usually began to 
stain first in the walls of the cortex cells, though in many sections the 
material was noted in the walls of living cells of the xylem in the region 
of the wound-gum zone (plate 1, A). With an increase in the age of the 
sears came a corresponding development of the wound-gum zone (tables 
3 and 4). The intercellxdar spaces generally filled about the second day. 
The plugging of the vessels, which usually began about the third day. 
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Tannins 

in 

leaf-scar 

tissues 

1 1 1 I 1 1 1 1 1 1 

Scars 
having oil 
in cells 
of 

wound-gum 

zone 

1 1 1 1 1 « C'M 

Subennlike 
material 
in ceils 
of the 
wound-gum 
zone 

14-44 

N umber of 
cell 

divisions in 
periderm 

1 to 2 
lto2 

1 to 4 

2 to 4 

Number of 
scars 

developing 

periderm 

2 

16 

20 

10 

chf 

Interior to 
wound-gum 
zone 

■1 4- 4' 4- 

4- 4” 4- -4 4-4- 

4-4 4-f4-4-4-4-HH 

lount of star 

In 

wound-gum 

zone 

4- 4- 

4- 4- 4- 4- -f H 1 1 1 1 

! 

An 

Exterior to 
wound-gum 
zone 

-1- -f- H h -f -f- 4- 1- 4- 1 

4- 4- 4- -4- 4- -f -f 4- 1 
i—f“4 H—f- 4"'4" f4 4“ 

vessels by 
1 -gum 

Vessels 

plugged 

24 

70 

204 

_ 

269 

all 

all 

Plugging ol 
woun( 

Vessels 

counted 

243 

254 

264 

270 

Depth of 
wound-gum 
layer 

(number of 
cells from 
scar surface) 

5 to 11 

4 to 12 

4 to 12 

2 to 12 

4 to 12 

4 to 12 

4 to 12 

4 to 13 

4 to 10 

Presence of 
wonnd-guro 
layer 

Th + I-IUUI 


Ciieo'^«c«ot'-ooo> 
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was well advanced by the fifth, as shown in table 3 and plate 2, A. By 
the sixth to seventh days the wound gum layer appeared completed in a 
number of scars (plate 1, C, 2, C and D), and the formation of a periderm 
had started in a few scars (plate 1, D and table 3). 

TABLE 4 

Rbsui.ts op Studies op the Heaoiho op Leap Scabs that Were 
Former in September 


Leaf-acar 

number 

Age of 
leaf Boar 
(davft) 

Wound gum 
Viy ]:»hloro- 
glucinol 
in HCn 

Orcinol test 
for 

wound gum 

Depth of 
wound-gum 
layer (inimber 
of cells from 
scar Rui face) 

Presence 
of yellow 
amoi phous 
material 

Copper 
acetate and 
feme chloride 
test for 
tAnniiis 



Scans loft outaido moist chanibeiH 



, 

0 




_ * 


2 

0 

- 


- 



3 

0 

— 

—• 

— 

— 

— 

4 

0 

- 

- 

- 

- 

- 

5 

0 



- 


- 

a 

0 

— 

— 


— 


7 

0 

~ 

- 

— 

- 


s 

0 


- 

- 

- 

-- 

y 

0 


- 

- 

“ 

— 

1 

I 

T 

T 

6 U) S 

4 


2 

1 

T 

T 

7 to 10 

4” 

- 

3 

1 


1 

S to 11 

4- 

- 

4 

I 

- 

- 

- 

f- 

- 

a 

1 

T 

r 

7 to 9 

4- 

— 

ft 

I 

T 

1' 

5 io H 

4 

- 

7 

1 

T 

T 

fi to 10 


- 

s 

1 

T 

T 

4 to S 

' 4 

- 

y i 

1 

T 

T 

5 to 10 

4- 


10 1 

1 

T 

r 

t> to 11 

4- 

- 

n ! 

1 i 

1 

r 

ft to 9 

f 


I'-i i 

1 1 

- 

- 


f 

— 

13 

I 1 

T 

1 

o to S 

-4- 


14 ! 

I i 

T 

r 

r> to 11 

I 

- 

If> I 

1 ! 

T ! 

T 

i 8 to 12 1 

-t- 

- 

1. 1 

i ; 

r 

T 

1 4 to 9 

4 

- 

17 

I 

- 

- 

i 

4- 

- 

IS 

1 

- 

- 

- 

4- 

- 

10 

1 

'r 

r 

7 to 9 

f 

- 

20 

1 

T 

T 

9 to 11 

4- 

— 

1 

2 

4- 

f 

4 to 9 

-f 



2 

i 


5 to 7 

4 


3 

2 

i 

4 

6 to 9 


““ 

4 

o 

4- 

4 

7 to 10 



’> 

2 

f 

4* 

4 t«> 8 

- 

-- 

0 

2 

4- 

i- 

6 to 9 

f 


7 

2 

-b 

4- 

6 to 10 

4 

- 

K 

2 

4- 

4" 

7 to 9 

4- 

- 

9 

2 

4- 

+ 

6 to 8 

4' 

- 

10 

2 


4- 

4 to 9 

4 



* Lefcend. — - ueKativc; + - iM>8itive; H—, -h-H, +++ = iucieasing aiuoiinls in their renpectivt- 
order ;T trace. 
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Leaf-eoar 

number 

Age of 
leu 0 OU 
(days) 

Wound gum 
by phloro- 
glueinol 
in HCl 

Oroinol test 
for 

wound gum 

Depth of 
wound-gum 
layer (number 
of cells from 
sou surface) 

Preeenoe 
of yellow 
amorphous 
material 

Copper 
acetate and 
ferrie chloride 
test for 
tannins 



Scars kept in moist chambers 



1 

0 

_* 

— ♦ 

_ * 

4-* 


2 

0 


— 

— 

— 

— 

3 

0 

- 

- 

- 

4- 


4 

0 


— 

— 

— 

— 

5 

0 


- 

- 

- 


5 

0 

~ 

— 

— 


— 

7 

0 

— 

- 


- 


8 

0 

- 

- 

- 

~ 

- 

9 

0 

— 

— 



— 

10 

0 

- 

~ 


- 

- 

1 

1 




4” 


2 

1 

T 

■ 

1 tf>3 

4- 


3 

I 

- 

- 


-1- 

- 

4 


- 



4- 


5 

! 1 

- 


- 

4" 

- 

6 

1 


- 


4- 


7 

1 

- 

— 

- 

4- 

- 

8 

1 


- 

- 

4- 


9 

1 

- 

- 

- 

1 + 

- 

10 

1 

— 

— 

— 

1 4- 

— 

11 

1 


— 


-f 


12 

1 


- 

-- 

-f 

- 

13 

1 

- 


- 


_ 

14 

J 

- 

- 

i 

■f 

- 

1 

2 

T 

T 

1 to 3 

+ 

_ 

2 

2 

-f 

4- 

1 to 4 

4* 

- 

3 

2 

-f 

f 

1 to 4 

4 


4 

2 

-H 

4- 

1 to 2 

-f 


5 

2 

+ 

4- 

1 to 5 

4- 


6 

2 

+ 

4- 

1 to 2 

-f 

— 

7 

2 

T 

T 

1 to 3 

4 

_ 

8 

2 

-f 

4- 

2 to 5 

4* 

- 

9 

2 


4- 

3io6 

4- 


10 

2 

T 

T 

2 to 4 

4 

- 


ordCT^*»^t^ace * ”®* 5 ative; +• »« positive; H—, +4-t 4"++ * increasing amounts in their respective 


Although transverse sections through the wound-gum zone were not 
very satisfactory for these studies, they show how the wound-gum plugs 
appear in transverse sections of the vessels (plate 3, F ). 

Two layers of wound gum formed in a number of the scars kept in 
moist chambers. The first layer usually began to develop in scars collected 
the second day. Wound gum formed in 1 to 6 rows of cells across the 
surface of the scar (tables 4 and 5 and plate 3, A and B) and had gener¬ 
ally formed completely by the third to fourth day (plate 3, C), About 
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this time a second layer of wound gum began to appear in a layer of cells 
from 4 to 10 cells from the surface of the scar, below the first layer (plate 
3, /)). Both layers, however, generally converged at the edges of the scar 
(plate S,E). By the end of the fifth day, wound gum had plugged all the 
vessels observed in either the first or second zone. 

The striking differences in wound-gum formation between the scars 
left outside moist chambers and those kept in moist chambers are as 
follows: (1) The scars left outside moist chambers developed only one 
wound-gum zone, whereas those kept inside developed two layers. (2) The 
wound gum was usually detectable by the first day in the scars left out¬ 
side, but not until the second day in those kept in moist chambers. (3) 
After it once started, however, wound gum formed much more rapidly 
in the scars kept inside than in those left outside. 

Water-Soluble Gum .—The term is used here to designate gumlike 
materials that are soluble in water as contrasted with wound gum that is 
insoluble in water. Water-soluble gum, lignin, and wound gum stain blue 
when treated with orcinol followed by hydrochloric acid. To distinguish, 
therefore, between wound gum, lignhi. and water-soluble gums, a section 
was first treated with orcinol and IlCl. Next, if positive results were ob¬ 
tained, adjacent sections from the same sear were washed in warm water 
to remove gums, then treated with orcinol. If the maternal, other than 
liguified tissues, staining with orcinol was removed by the water, it w'as 
considered to be water-soluble gum. Fresh, unfixed leaf scars were used 
to determine the presence of this material. These studies were made in 
sears formed September 9. The results for scars kept in moist chambers 
are recorded under orcinol in table 4, as are also those for scars exposed 
to outside conditions. Conceivably, water-soluble gums might be de¬ 
posited in the cell walls before wound gum appeared; but apparently 
such was not the case, for no positive tests were obtained. 

Lignin .—In all cases, phloroglucinol in hydrochloric acid and the 
Maule reactions were used to distinguish between wound gum and lignin. 
The former reacts with both substances, whereas the Maule reaction is 
positive only when the tissues are lignified. 

Lee (i) described the abscission of leaves and the healing of leaf scars 
in numerous species of plants. As to the healing processes of Castanea 
sativa Mill., he states : “Directly after leaf fall—the activity of the cells 
below the surface of separation is at once show'n by the change in the 
chemical composition of the cell w'all. Very gradually these become more 
or less completely liguified.*’ lie does not mention wound gum, but the 
lignification he describes is probably w ound gum, which gives the same 
reactions as lignin with a number of microchemical tests. If he had usetl 
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the Maule reaction, possibly he would have failed to get a positive re¬ 
action. 

According to results of the present studies of olive leaf scars the ves¬ 
sels, fibers, and a few stone cells were the only tissues of the olive leaf 
scar that were lignified. 

Snberin and Oil .—Sudan III was used to determine the presence of 
suberin and oil. 

In describing the healing of leaf scars of Castanea sativa, Lee {4) states 
that when the cell walls of the protective layer undergo “lignification” 
there is deposited on the inside surface of each cell wall of this layer a 
fine film of suberin. Lee termed the process "lignosuberization.” The pro¬ 
tective layer he mentions in the leaf-sear tissue of C. sativa, is in a posi¬ 
tion similar to that of the wound-gum zone in the olive leaf scar. 

In the cells of the w<mnd-gum zone of the olive leaf sear was found a 
material deposited as a thin layer or lamella on the inside surface of the 
cell walls. This material stained red with Sudan III or IV, was insoluble 
in alcohol, ether, or benzene, but was soluble in 3 per cent KOII and was 
isotropic when examined with polarizefl light. As it did not separate from 
the cell wall with the protoplasm nhen the cells were plasmolyzed, it is 
designated as “suberinlike” material because it apparently has the prop¬ 
erties of suberin; but its location in the cell differs from that of suberin, 
which usually impregnates the wall. 

The lamella of suberiulike material began to form after some wound 
gum had been deposited, and shoAved lii'st in the 3-day-old leaf scars out¬ 
side moist chambers (table 3) and in the 4-day-old leaf scars kept in moist 
(diambers (table 5). It continued to develop as the age of the sears in¬ 
creased and stopped about the time the ])eriderm began to form. 

Oil globules were found, but not consistently, in either those scars kept 
ill moist chambers or those left outside. 

Htarch .—Iodine in jiotassium iodide solution was used for starch de¬ 
termination. In all cases the amount of starch in the cells of the Avound- 
gum zone decreased with increase in the quantity of AA'ound gum (tables 
3 and 5). 

Tannins. —Sections, after treating Avith a solution of cuprict acetate to 
lirecipitate tannins. Avere rinsed in AA'ater and treated Avith ferric chloride. 
Tannins stain green, blue, or black. By this method, no difference was 
noted in the quantity of tannin distributed o\'er the leaf scar at any time 
during healing. 

Periderm Formation .— Observations on the formation tif a periderm 
in the leaf-scar tissue were made Avhen the other healing proces.ses were 
studied. The results appear in table 3 for the scars left outside moist 
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chambers and in table 5 for those kept in moist chambers. The periderm 
developed in the tissue just beneath the wound-gum zone. In the scars 
left outside, the periderm development was regular. The first cell divi¬ 
sions were observed in two 6-day-old scars. The number of scara in which 
a periderm had begun to develop increased in each day’s collection there¬ 
after, By the eighth day all the scars that were sectioned had completed 
from 1 to 4 cell divisions in the formation of a periderm (table 3). 

The formation of a periderm was not regular in the sears kept in moist 
chambers. One of the 3-day-old scars, and only one, two, or three of 
the scars collected each day thereafter, through the eighth day, had 
started to develop a periderm (table 5). This situation differs from the 
regular increase in the number of scars that formed periderm in those 
left outside moist chambers. 

From the microchemical studies, one cannot easily explain why the 
number of sears infected dropped so rapidly during the first two days 
after the leaves were removed (table 1, and figs, 4 and 5). By the end of 
two days there were apparently no materials deposited within the tissues 
of the scars that mechanically blocked them to invasion by bacteria. After 
two days, however, the deposition of wound gum was concurrent with 
the decrease in the percentage of sears infected. By the time all the vessels 
of the scars appeared completely plugged with wound gum, the scars 
had become immune to infection. This held true both for scars kept in 
moist chambers and for those left outside. 

These studies show that during the first two days other factors may be 
involved in the resistance to infection. 


COURSE OF BACTERIA THROUGH LEAF-SCAR TISSUE TO 
ESTABLISH INFECTION 

The processes of healing in the leaf scars previously described do not 
explain why the susceptibility of scars to infection decreased rapidly 
during the first two days. They also do not explain why this drop was 
much more pronounced in the scars kept in moist chambers than in those 
left outside. A study was made, therefore, of the channels through which 
the bacteria could enter the tissues to cause infection. 

For these studies, a mixture of 1 part of Higgins’ American India ink 
and 5 parts of water proved most satisfactory because it did not diffuse 
into the living cells and was insoluble in water after it had dried in the 
scars. This procedure facilitated handling of the scars in water during 
and after sectioning. 

In the experiment several scars were formed as previously described 
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imder methods. One group was placed under moist chambers; another 
was left outside. When the leaves were being removed and at intervals 
thereafter, a few scars in each group were covered with the ink mixture, 
applied with a small brush. The ink mixture usually remained on the 
surface of the scar about 10 minutes before drying. After the ink dried, 
the scars were removed and brought into the laboratory for sectioning. 
The sections were mounted in water, and the depth of ink penetration 
was measured with a filar micrometer. The greatest depth of penetration 

TABLE 6 

The Peneteation op India Ink Into the Vessels op Leap Scars 



Soars outeide moist chambers 

Scars inside moist chambers 

Age of leaf scar 
at time of 
treatment 
(houre) 

N umber of 
scars treated 

Soars in 
which ink 
penetrated 

6 oelb 
or more 
(per cent) 

Average 
depth of ink 
penetration 
(microiw) 

i 

Number of 
scars treated 

Scars in 
which ink 
penetrated 

5 cells 
or more 
(per cent) 

Average 
depth of ink 
penetration 
(microns) 

0 

34 

86.3 

463 3 

34 

86 3 

463 3 

i 

30 

74 2 

154 2 { 

20 

70.0 

139 4 

3 

25 

70 0 

65 3 

22 

63 5 

69.5 

12 

29 

48 3 

23 9 

25 

32 0 

20 3 

24 

30 

48.2 

10 7 

22 

27.6 

8.2 

48 

25 

27 9 

8 0 

20 

15 0 

7.3 


in each sear was recorded, and the average for each collection was com¬ 
puted from these measurements (table 6, fig. 6). The re.sults show that 
immediately after the leaves were removed, the ink placed over the sears 
moves a relatively great distance back into the vessels of the scars. In 
scars only half an hour old, however, the ink penetrated only a relatively 
short distance; and this distance decreased thereafter with increasing 
age of the sear (table 6, fig. 6, A). A comparison of these results with 
those of infection data (fig. 5) suggests that the reason a high percentage 
of the scars developed knots when inoculated immediately after removal 
of the leaves was that the inoculum penetrated deeply into the vessels at 
this time. 

In these observations the ink penetrated only through the vessels; in 
no ease was it found to have entered the intercellular spaces or sieve 
tubes. 

If the formation of wound gum in the leaf-scar tissues prevents the 
entrance of bacteria, the latter, in order to infect the host, must pass 
beyond the wound-gum zone before it plugs the channels of entrance. 
The wound gum developed in 4 to 12 cell layers from the surface of the 
scar. An average thickness of this zone was around 2 to 5 layers of cells. 
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Apparently, then, if the initial penetration of the bacteria into the scar 
tissues was 5 cell-layers or more, they were deep enough in the sear tissues 
to establish infection. 

In these studies of ink penetration, therefore, if the India ink placed 
over the surface of the scar penetrated the tissues 5 cells or more, it was 
considered deep enough for bacteria to have caused infection. If this 

leye/?e/ 

. leaf' scars /efl aafs/i/e af /ra/sl cfa/rfers 



Fig. 6.—The results of studies of Jndia-ink penetration into leaf-scar tissues 
for scars kc])t in moist ehanibers and those left outside. The relation between 
the age of the leaf scar in hours when treated with ink and the depth of ink 
Iienctration. The relation between the age of the leaf scars in Ikuiis when 
treated with ink and the per cent of scars in which the ink penetrated to a 
depth considered sufficient to cause infection if bacteria had been used. 

assumption is correct, the percentage of scars in which the ink penetratert 
5 cells or more should correspond to tlie results of inoculation experi¬ 
ments under similar conditions. 

The curve (fig. 6, /?) representing the percentage of scars in whicli ink 
penetrated to a depth of 5 cells, or moi’e, compares veiy closely for the 
period of the first two days with the results of interval inoculations in 
the curves of figure 5. For the scars left outside moist chambers the ink 
penetrated to a depth of 5 cells, or more, in 48 per cent of the scars one 
day old, and in 28 per cent of those two days old, whereas in the inocula¬ 
tion experiments about 58 per cent of the one-day-old scars developed 
knots and about 45 per cent Of the two-day-old scars developed knots. 

For the scars kept in moist chambers the ink penetrated 5 cells or more 
in about 27 per cent of the one-day-old scars and 15 per cent of the two- 
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day-old scars. In the inoculation experiments about 23 per cent of the 
one-day-old scars developed knots, and about 15 per cent of those two 
days old. 

Judging from the ink-penetration studies under the conditions of 
these experiments, the infection of leaf scars may be influenced by the 
depth of penetration of the inoculum into Ihe vessels. 

THE DEVELOPMENT OF BACTERIA IN THE 8CAR TISSUES 

The course the bacteria take in establishing infection was studied in arti¬ 
ficially inoculated leaf scars. A large number of scars were formed, 
marked, and inoculated as previously described. Groups of 10 scars each 
were collected 2, 4, 6, 8, 10, 13, 15, 19, and 26 days after the scars were 
inoculated. The sear tissues were imbedded in paraffin, as described 
earlier, and were sectioned with a rotary mici’otome. The sections were 
stained with Stoughton’s stain for bacteria in tissues (.5). 

Theoretically the bacteria might infect a leaf scar in several ways: 
(1) by gi’owth on the surface of the scar, (2) by entering the .scar by 
breaking down the tiss\ie, (3) by penetrating the scar tissue through the 
intercellular spaces, (4) by entering through fissures in the sear, (5) by 
entering the scar through the sieve tubes, and (6) by entering the scar 
tissues through ve.ssels. In the scars examined, the only way, with one 
exception, in which infection had been established was through the ves¬ 
sels. In one ease, however, the bacteria had penetrated deeper than the 
wound-gum zone through a fissure between cortex parenchyma cells. A 
photograph of this .section is shown in plate 4,A. In mo.st cases, according 
to observations, the bacteria established on the surface, in fissures, and in 
the intercellular spaces of the leaf-sear ti.ssue are later barred from enter¬ 
ing more deeply into the tissue by the formation of wound gum and 
finally of a periderm. 

Bacteria pass deeply into the vessels when the leaf seal’s are inoculated 
immediately after the leaves were removed. This point is supported by 
the experiment in which India ink was placed on the surface of scars and 
j)assed freely through the vessels of the leaf and, in a few ca,ses, as deep as 
the vascular system of the stem. Small groups of bacteria were, further¬ 
more, found scattered along in the vessels (plate 4, R) and lodged on the 
rims at the ends of the >'essel cells in sections of scars collected 4 days 
after inoculation. Bacteria were observed between the secondary thick¬ 
enings, where they may have lodged as the inoculum Avas drawn back 
through the vessels. The groups of bacteria shown in these photomicro¬ 
graphs (plate 4, R) are stained very heavily in order that the vessel walls 
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may be shown. They appear, therefore, only as dark masses lodged be¬ 
tween the thickening on the sides of the vessels. These small groups of 
bacteria enlarge rapidly, producing colonies that finally merge and com¬ 
pletely fill the vessels (plate 4, C ). 

The bacteria are freed from the vessels into the other tissues of the leaf 
scar when the forming periderm pulls the vessels apart (plate 4, D and 
E). The periderm forms just beneath the wound-gum zone, and the in¬ 
crease in number and size of the cells pulls the vessels apart at this point. 
This generally occurs from 8 to 10 days after the scars are formed. The 
bacteria are then released into the newly forming periderm, a region of 
actively dividing cells (plate 4, D and E). The bacteria confined in the 
vessels deeper in the leaf traces remained there and did not break out 
into the surrounding tissue by the end of the 19 days after inoculation 
(plate 4, £). 

The presence of bacteria or their products among the meristematic 
cells of the periderm apparently stimulates these cells to active division, 
and it appears that the successive rows of parenchyma cells were derived 
from the phellogen (plate 5, A). The bacteria increase in numbers at the 
end of the broken vessels and form small pockets, which increase in size 
and grow with the surrounding tissue. After 19 days the pockets are 
fairly large (plate 5, A). Some of the cells adjacent to them break down, 
collapse, and remain around the outer portions of the pockets (plate 5, B). 
As the plate shows, more cell divisions occur in the region around the 
bacterial pockets. 

SUMMARY 

A study has been made of certain factors involved in the infection of 
olive leaf sears by Bacterium savastanoi E.F.S. from the stage just be¬ 
fore leaf fall until a periderm develops in the scar. 

It was found that natural infection in the region of the abscission zone 
rarely occurs before leaf fall. 

Evidence obtained confirms the conclusions of previous workers that 
most of the new knots forming each year develop at leaf scars. 

Most leaf scars were susceptible to infection immediately after leaf 
fall; the susceptibility dropped rapidly during the first day; and the 
scars became immune by the end of the ninth. The drop in susceptibility 
was much more rapid for scars kept in moist chambers than for scars 
left outside. 

Microchemieal studies of the abscission processes of leaves and the 
healing of leaf scars showed that (a) no protective layers are formed in 
the tissues before leaf fall; (b) separation takes place through the inter- 
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cellular material between two rows of cells in the base of the abscission 
zone; (c) the sieve tubes, vessels, cuticle, fibers, and apparently the 
epidermal cells are mechanically broken at leaf fall; (d) during the 
healing processes of the olive-leaf sear a wound-gum layer is first formed 
and is followed by the development of a periderm; (e) water-soluble 
gums, lignin, oil, suberin, starch, and tannins apparently have no influ¬ 
ence upon infection. 

India ink was used to trace the course of the inoculum from the surface 
of the leaf scar into the scar tissues. Judging from these studies, infection 
may depend upon the depth of penetration of the inoculum. 

Most infections in the leaf scars were caused by bacteria that entered 
the tissues through vessels. Bacteria entering the leaf-scar tissue through 
intercellular spaces progressed slowly and were stopped by wound gum 
that plugged these spaces. Those entering the vessels were freed into the 
periderm cells when the vessels were slowly pulled apart by growth of 
the periderm. Pockets of bacteria were formed in the tissues derived 
from the phellogen, and the greatest amount of cell proliferation oc¬ 
curred around the pockets of bacteria. 
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CHARCOAL ROT OF SUGAR BEET * 

C. M. TOMPKINS* 

INTRODUCTION 

Charcoal rot of sugar beet {Beta vulgaris L.), caused by Macro- 
phomina phaseoU (Maubl.) Ashby, was found in August, 1932, in Sutter 
County in the Sacramento Valley and subsequently near Davis, Marys¬ 
ville, Walnut Grove, and on Victoria Island in the delta region west of 
Stockton. The incidence of infection in numerous fields ranged from 8 to 
30 per cent (5).* Field observations indicated that the fungus attacks 
half-grown and mature sugar beets during the season of prevailing high 
temperatures and is probably confined to the hot, interior valleys. It is 
not known to cause damping-off of sugar-beet seedlings. Inspection of 
sugar-beet plantings in the cool, coastal valleys has shown them to be 
free from infection. 

In studies of a seedling blight of beans (Phaseolus vulgaris L.) caused 
by this fungus, Kendrick {3) showed that the disease was favored by high 
temperatures. Later, under controlled conditions, Tompkins and Gard¬ 
ner {6) corroborated Kendrick’s results and found that the fungus from 
charcoal rot of sugar beet grew throughout a temperature range of 12° 
to 37° C, with an optimum at 31° and was pathogenic to bean seedlings 
at high temperatures. 

A brief discussion on symptoms of the disease, the causal organism, 
and pathogenicity of the fungus is pre.sented in this paper. 


kSymptoms op the disease 

The leaves of diseased plants show pronounced wilting and eventually 
turji brown and die. Dead leaves remain firmly attached to the crowns. 
When an infected plant is pulled from the soil, the symptoms of charcoal 
rot are distinctive enough to readily differentiate it from all other known 
root rots of sugar beet. Externally, infection is usually confined to the 
crown region as indicated by brownish-black* lesions of irregular size 
and shape (fig. 1) and with a silvery sheen. On old lesions the periderm 
is verj^ thin, papery in texture, and loosely attached to the underlying 
^ Received for publication February 11, 1938. 

® The writer is indebted to Dr. M. W, Gardner for advice and assistance. 

® Assistant Plant Pathologist in the Experiment Station. 

* Italic numbers in parentheses refer to “Ldtorature Cited” at the end of this paper. 
^ In determination of root discoloration, Bidgway’s ( 4 ) system of color nomencla¬ 
ture has been followed. 


[ 76 ] 



76 


MUgardia 


[VOL. 12, Na 1 


tissues. Under slight pressure it cracks and becomes detached from the 
root, exposing dry, black, carbonaceous masses of sclerotia (fig. 1). 

When examined in cross section soon after infection, the outer or ad¬ 
vancing part of a lesion is mustard yellow but later the inner or older 



Fig. 1.—Natural infection of sugar beet by Macrophomina phnseolt; 
an advanced stage of infection, showing black lesions with a silvery sheen, 
which completely involve all of the crown and most of the taproot tissues. 

The thin, papery peridenn has been partly ruptured on the crowns, expos¬ 
ing masses of black sclerotia directly beneath. 

part changes to huffy citrine. These colors merge irregularly into each 
other, with no sharp line of separation (fig. 2). Occasionally the infected 
tissues may be a uniform huffy citrine. The advancing margin of a lesion, 
next to apparently healthy tissues, is undifferentiated in color from the 
tissues invaded earlier and has no distinctive dark band such as char¬ 
acterizes the root rot of sugar beet caused by Phyiophthora drechsleri 
Tucker (7, fig. 2, G). After the entire root has become invaded, the tissues 
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turn in color from huffy citrine to old gold and finally to brownish black. 
In the late stages of decay, masses of black sclerotia largely displace the 
periderm and parenchymatous tis.sues, forming in pockets or cavities of 



Fig. 2.—Naturiii infection of sugar bed by Macrophomnia pJuutcoU: A, 
cross section of diseased taproot; B, longitudinal section of diseased taproot 
showing a large mass of black sclerotia at the crown. 


irregular size and shape immediately beneath the periderm and extend¬ 
ing inward for several centimeters j they may alst) be found scattered 
irregularly thronghout the mustard-yellow tissues, in marked contrast. 
Eventually, sclerotial masses occupy the pith and only the vascular ele¬ 
ments retain their identity (fig. 3). Completely invaded sugar beets 
shrink, tend to become mummified, and are of no value for extraction. 

Microscopic examination of sections of the infected tissue from inocu¬ 
lated roots stained with magdala red and fast green showed that the 
mycelium of the fungus was confined to the intercellular spaces. 
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THE CAUSAL FUNGUS 

Tissue fragments from the advancing edge of lesions on approximately 
200 sugar beets from various localities were planted on prune agar in 
petri dishes which were then incubated at room temperature. Colonies 
containing colorless mycelium usually developed within 24 hours, with 
but scanty aerial growth. In 36 hours, the medium was darkened by the 



Fig. 3.—Natural infection of sugar beet by Macrophomina phaseoli: A, longi¬ 
tudinal view and, li, top view of crown, showing symptoms typical of the final 
stages of decay. The periderm has been completely ruptured and, with the 
parenchymatous tissues, largely destroyed, exposing vascular elements and 
masses of black sclerotia. Heavy shrinkage and mummification are not un¬ 
common. 

formation of sclerotia which in general were small, spherical, and black 
and rather evenly distributed. Pure cultures were established on prune 
agar slopes in test tubes by mass transfers of mycelium and sclerotia. 

Six isolates of the fungus from diseased sugar beets collected near 
Stockton, Sutter Basin, and Walnut Grove were grown on potato dex¬ 
trose agar, pH 5.6, and incubated at 28° for 14 days. A total of 100 
sclerotia from each isolate were measured. The diameters of sclerotia 
ranged from 46.2 to 146.3 microns, with a mean diameter of 73.8 to 87.2 
microns. These isolates, therefore, fall within the limits of Haigh’s C 
group, in which the diameter of the sclerotia is 120 microns or less, and, 
according to the work of Ashby (1) and of Haigh (2), should be desig¬ 
nated as Macrophomina phaseoli (Maubl.) Ashby, although no isolate of 
the fungus from sugar beets has produced any pycnidia. 
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PATHOGENICITY OF THE FUNGUS 

Healthy sugar-beet roots were washed in tap water, rinsed in three 
changes of sterile distilled water, and allowed to dry. Two small areas 
on opposite sides from the root sutures were washed with 95 per cent 
alcohol, after which small cubes of tissue, averaging %6 inch in size, were 
removed with a flamed scalpel. Small squai'es of prune agar containing 



Fig. 4.—Artificial infection of sugar beet hy Macrophomma phaneoli; cross 
sections of roots almost complctel}* invaded by the fungus. The black areas 
on opposite sides represent the sites of inoculation wells and arc packed with 
masses of black sclerotia. A small amount of healthy tissue remains in the cen¬ 
ters of the cross sections. 

new growth of mycelium and sclerotia were then inserted into these w'ells, 
after which the openings were covered with adhesive tape to prevent 
desiccation. Ciiltures from Walnut Grove, Sutter Basin, and Stockton, 
respectively, were tested for pathogenicity. Noninoculated controls re¬ 
ceived the same treatment except that sterile prune agar was substituted 
for the inoculum. 

After inoculation, all sugar beets were placed in large moist chambers 
consisting of 5-gallon tin cans with pie tins for covers. Each can was pro¬ 
vided with a wire-mesh platform to prevent contact of the roots with the 
water in the bottom of the can. The inoculated sugar beets were incubated 
at room temperature (20® to 23° C). After 42 days, 32 roots of 37 inocu¬ 
lated with the Walnut Grove erdture, 8 roots of 9 inoculated with the 
Sutter Basin culture, and 3 roots of 4 inoculated with the Stockton cul- 
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ture, became infected (fig. 4). The noninoculated controls remained 
healthy. The fungus was reisolated in pure culture from all diseased 
sugar beets. The reisolated fungus proved pathogenic upon inoculation 
into healthy sugar beets. 

Six sugar beets were inoculated by placing inoculum on the unwounded 
periderm under aseptic conditions and were held in moist chambers. 
After 35 days, 5 roots were infected and the fungus was reisolated. This 
suggests that the fungus may penetrate the unwounded periderm. 

Isolates of the fungus from bean (Phaseolus vulgaris L.) var. Red Mex¬ 
ican, tuberous begonia {Begonia tuberhybrida Voss), cotton (Oossypium 
hirsuium L.), strawberry (Fragaria sp.), and sweet potato (Ijjornoea 
batatas Poir.) i^roved highly pathogenic to sugar-beet roots within 35 
days after wound inoculations were made. The symptoms produced by 
these isolates in sugar-beet roots were identical with those resulting from 
inoculation with the isolates from sugar beet. 

The susceptibility of sugar-beet seedlings to infection was tested in 
paraffined paper cups containing autoclaved sand to which the fungus 
was added (6‘). After 7 days, it Avas observed that the fungus attacked 
cotyledons as well as the roots and stems of seedlings. At room tempera¬ 
ture, only 1] of 56 seedlings inoculated were infected; at 25° C, 3 of 53 
seedlings; at 28°, 9 of 31 seedlings; at 31 °, 21 of 25 seedlings; and at 34°, 
8 of 13 seedlings. Controls at each temperature continued healthy. The 
fungus was readily isolated from diseased seedlings and again j^roA’^ed 
pathogenic upon inoculation. These results sIioav that higher tempera- 
tu7*es are especially faA^orable to infection. 


SUMMARY 

A crowu rot of sugar beet, caused by Macrophoniimi phaseoli (Maubl.) 
Ashby, is described. 

The disease occurs only in the interior valleys of (California and is 
apparently dependent upon high temperatures. 

Infection of sugar-beet roots and seedlings was obtained in the lab¬ 
oratory with different isolates of the sclerotial form of the fungus from 
sugar beet. 

Infection of sugar-beet roots was also obtained in the laboratory with 
isolates from other hosts. 

The optimum temperature for growth of one of the isolates from sugar 
beet was shown to be approximately 31° O. 


*9 IZl 
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THE DEPOSIT OF AQUEOUS SOLUTIONS 
AND OF OIL SPRAYS' ^ 

W. M. HOSKINS^ AND Y. BEN-AMOTZ^ 
INTRODUCTION 

The value of a spray oil as an insecticide is larg^ely dependent upon the 
amount of oil deposited when an emulsion containing the oil is sprayed 
upon an insect or upon the surface of a plant infested by the insect. Care 
regarding the quality of the oil, uniformity of the emulsion, and thor¬ 
oughness of application is obviously' of little use if the deposition of oil 
over the sprayed surface is insufficient, excessive, or uneven. 

Previous workers who have studied the behavior of spray-oil emulsions 
have laid emi^hasis upon various properties, such as surface tension of 
the aqueous phase, iiiterfacial tension between the two phases, stability 
of the emulsion, size of the oil droplets, angle of contact formed when the 
emulsion or its aqueous phase is placed upon a solid, and other analogous 
properties. The exx)eriments which have been in progress in this labora¬ 
tory for several years have led to the opinion that the chief importance of 
these properties for tlie deposit of oil lies in their etfects upon the relative 
ease with which the aqueous and the oil phases make and maintain contact 
with tlie surface sprayed. During the application of an oil emulsion to a 
solid, and for some time thereafter, there is comi:)etition for room upon 
the surface of the solid. If the aqueous phase either makes contact every¬ 
where first or is able to displace oil which has reached the surface, the end 
result will be little or no deposit of the oil. On the other hand, if all the 
oil makes contact as fast as the emulsion is applied, the deposit will be pro- 

^ Received for x>ublication May 18,1938, 

* This article is the fourth of a series having the general title: Factors Concerned 
in the Deposit of Sprays, For earlier numbers see Hensill and Hoskins (1935) ; 
Hoskins and Wampler (193G) ; Ben-Amotz and Hoskins (1937) in “Literature Cited” 
at the end of this paper. 

* Associate Professor of Entomology and Associate Entomologist in the Experi¬ 
ment Station. 

‘ Graduate student, University of California, August, 1933 to May, 1937. 
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|>ortional to the duration of spraying; and ^eessive or deficient amotmts 
will be left on various regions according to how the spray is applied. The 
desired condition lies between these extreme, and the possibility of ob¬ 
taining a satisfactory deposit of oil depends upon the correct adjustment 
of the ability of each phase to make the necessary contact with the solid 
which is sprayed. The object of the work to be reported here was to 
acquire information concerning the effects which certain water-soluble 
substances have upon the behavior of the aqueous and oil phases of spray 
emulsions as they are applied to the standard surface of beeswax which 
has been used in previous studies in this laboratory (Hensill and Hoskins, 
1935; Ben-Amotz and Hoskins, 1937).* 

The theory that during the application of an oil emulsion each liquid 
phase is acted upon by forces which result in displacement of one by the 
other to varying degrees and that the final amount of oil left as a deposit 
upon the surface is a resultant of the action of all the components of the 
emulsion has not been stressed by either physicists or entomologists who 
have worked with oil emulsions. More particularly, the behavior of the 
nonoil components of emulsions during the act of spraying has been neg¬ 
lected. Since the final result is necessarily influenced by the behavior of 
each part of the emulsion, a desirable means of study is the examination 
of the separate components under conditions which resemble as nearly 
as possible those which prevail during application of the whole emulsion. 
Such a plan was followed in the present work. 

This paper includes an account of what happens to the water and the 
emulsifying and wetting agents in oil emulsions as well as to the oil itself 
during and shortly after spraying. From this information, an attempt is 
made to interpret oil deposit in terms of certain properties of the com¬ 
ponents taken both separately and together. 

For both theoretical and practical reasons, measurements of the prop¬ 
erties of spray liquids under static conditions are of little value as com¬ 
pared with measurements made under the conditions which prevail 
during application of the sprays, that is, under dynamic conditions. This 
principle cannot be consistently followed in studying all the properties 
of sprays; for example, no truly dynamic method for measuring the sta¬ 
bility of emulsions is available as yet. As far as possible, the experiments 
with spray liquids reported in this paper have been conducted under 
conditions which at least approximate those of actual use. In certain 
cases, the corresponding behavior under static conditions was studied for 
comparison. 

* See ‘^Literature Cited” at the end of this paper for complete data on citations, 
which are referred to in the text by author and date of publication. 
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, The general scope of the investigation covered the following points; 
hehavior of water and of aqueous solutions of the accessory substances 
when sprayed upon a surface, the amount of each deposited, the amount 
of accessory substances deposited, their distribution in the system, the 
angle of contact during spraying and at rest, the effect of rolling, the 
behavior of oil emulsions when sprayed, the wetting and spreading of 
the two phases, the effects of competition for space upon the solid surface, 
and other factors influencing the amount of oil deposited. 

THEORIES OF BEHAVIOR OP LIQUID SPRAYS 
The theoretical basis for interpreting the behavior of two liquids sprayed 
together upon a solid surface lies in the magnitudes of the various inter¬ 
facial energies and in the mechanical effects resulting from violent im¬ 
pact of the liquids upon the solid. The behavior of a liquid upon a solid 
horizontal surface has been discussed in detail by so many writers—^for 
example, Rideal (1926) and Adam (1930)—that only certain special 
features need to be mentioned here. In applying an insecticidal or fungi¬ 
cidal spray, the intent is to reach all parts of the solid surface concerned; 
as far as this objective is achieved, the surface, at least while the spraying 
continues, becomes covered with a film of the liquid. 

- If the liquid is either a pure compound or a solution, its behavior after 
spraying has ceased depends upon whether the sum of the liquid-surface 
energy, y i, and the solid-liquid interfacial energy, yi„, is smaller or larger 
than the solid surface energy, ys. If yi yis <yB, the liquid will remain 
in a film over the surface of the solid; but if yi + yiR>yh, it will recede 
from the surface and gather into drops, whose area will be subject to the 
equilibrium condition that: 

YB = yi8 + yi COS0, 3 

in which 6 is the equilibrium angle enclosed by the liquid at the edge of 
the drop. In spraying natural surfaces, variations in behavior are often 
noted between different regions of the same leaf or fruit. These are some¬ 
times due to real differences in the nature of the surface at different 
points and sometimes to the presence of foreign material, such as dust. 
If finely divided material which is wet but poorly by the spray is on the 
surface, real contact may not be made with the surface; and the liquid 
will retreat very rapidly when spraying has ceased. In the special case 
when yi yiB = ys, the extent to which the liquid film extends will be 
particularly sensitive to mechanical disturbances. This condition is likely 
to occur only in certain regions rather than over any entire natural 
surface. 
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The introduction of a second liquid phase into the spray leads to 
greater or less contact of the new liquid with the solid surface and hence 
to competition for space between the two liquids and ultimately to par¬ 
tial or complete replacement of one liquid by the other. The energies con¬ 
cerned in these processes are those residing in the surfaces of the two 





rig. 1.—^Displacement of one liquid from a solid surface 
by a second liquid. 


liquids, in the interface between the liquids, and in the interfaces between 
each liquid and the solid. In figure 1 are shown diagrammati(!ally certain 
of the situations which have been observed when limited volumes of oil A, 
and aqueous solution B, were applied gently to adjacent areas of a sur¬ 
face. In section I, the advancing front of liquid A, which makes a small 
contact angle, (9 a, upon the solid meets liquid B, which is advancing in 
the opposite direction and w'hich makes a larger contact angle do- In 
section II, the depth of both liquids at the line of contact has increased. 
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and the interface between the two liquids has been established so that 
it makes the angle 6'ab with the solid surface. This usually is not the 
equilibrium angle, and the system will change to a condition such as 
III or IV. Since liquid B has been replaced by liquid A, the changes in 
energy per square centimeter of solid surface in III, as in region a-b, are 
(yA + vsa) —(yi) + yss), which may be called the “replacement coeffi¬ 
cient” for any case in which one liquid is pushed back by another and the 
one which is replaced does not spread over the other. Since limited vol¬ 
umes were assumed for each liquid, obviously the one which spreads will 
soon be in a very thin layer while the thickness of the other will become 
greater. At length an equilibrium will be reached whose geometrical 
characteristics will depend on whether contact is made upon a flat sur¬ 
face, within a trough, w'ithin a capillary tube, etc., but which will be 
characterized by an equilibrium angle Ojun between the solid and the plane 
of contact of the tw'o liquids where it meets the solid as at point Q. When 
equilibriiim has been established, the relations at the line of maximum 
extension of li<|uid A will be expressed by the equation: 

ysB = ysA yAB cos ^ab- 2 

The situation in which the disjdaced li<|uid spreads over the other is 
represented in section IV of figure 1. The energy change per unit area 
is yB + yAB + ysA — (yn + ysn)- yA« + ysA — ysn- The equilibrium con¬ 
dition will satisfy equation 2 and B will have the same value as 0 in III 
unless the layers of liquid are so thick that gravity has an appreciable 
effect. Liquid B may not spread entirely over liquid A but instead may 
assume an c(juilibrium angle, ^ha, upon it. The equilibrium conditions at 
7? may be expressed by the .same kind of equation as for a liquid spread¬ 
ing xipon a solid, in this case : 

yA = yAB “}“ yB • cos 0ba- 3 

Only under certain conditions is the above discussion rigidly valid for 
the behavior of an oil emulsion applied to a solid. The more important of 
these conditions are: (a) the surface is horizontal; (&) the effects of 
gravity are negligible; (c) the force with which the liquids strike the 
surface can be neglected ; and (d) the effects due to emulsifying and wet¬ 
ting agents present in the emulsion are lho.se for etjuilibrium conditions. 
Obviously in many situations none of these limitations hold. The numer¬ 
ous discrepancies between theory and fact in the use of sprays are largely 
due to the false assumption that an ideal system is being studied. In later 
sections, the practical effects of certain of the factors listed above will be 
discussed in detail. 
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In a system involving water, oil, a solid, and a soluble surfaee^active 
substance, the last-named may obviously exert its effect at any or all three 
of the possible interfaces—(c) water-oil, (&) water-solid, and (c) oil- 
solid. As a matter of fact, any actual substance of this nature tends to 
collect to varying extents at all three interfaces, but a distinction may be 
drawn between emulsifying agents, which primarily affect interface o, 
and wetting and spreading agents, whose chief effect is upon interface 
h and c. 

The difference between wetting and spreading agents has been dis¬ 
cussed by numerous workers, but the terms have not always been distin¬ 
guished clearly. The various points concerned are covered satisfactorily 
in the following three sets of definitions: (1) A wetting agent is “any 
substance which causes a spray fluid to wet the sprayed surface so that 
‘running up’ into drops on the surface is avoideda spreading agent is 
“any substance which tends to cause lenses of spray to spread over those 
portions of the plant surface which have not been hit directly by the 
spray” (Woodman, 1930). (2) “A wetting agent is any substance which 
increases the readiness with which a liquid makes real contact with a 
solid“a spreader is a material which increases the area that a given 
volume of liquid will cover on a solid or another liquid” (Hensill and 
Hoskins, 1935). (3) “Wetting properties are defined by the ability to 
form a persistent liquid-solid interface when excess of liquid is drained 
from the surface;” “spreading properties are defined by the ability of 
the liquid to form a liquid-solid interface solely by surface activity over 
the plane surface of the solid” (Evans and Martin, 1935). In order to 
avoid the use of long and awkward expressions in referring to materials 
added to the oil-water system for the purpose of altering its properties 
in one way or another, the term “accessory substance” will be used when 
no particular function is being emphasized. 

The oil-water interface may be affected by a third component which is 
predominantly soluble either in oil or in water. Hence, both the stability 
of an emulsion and the relative ease of contact of oil and water with a 
solid surface may be affected by both water-soluble and oil-soluble ac¬ 
cessory substances. The present work has been limited to those which are 
predominantly water-soluble. Chemically speaking, such substances will 
have an affinity for water, that is, the phase in which they are more 
highly soluble, but in order to be able to concentrate in the water-oil 
interface, they must possess a chemical group or groups which are solu¬ 
ble in the latter also. All emulsifying agents have an affinity for each of 
the liquid components of the emulsion. Similarly, a substance which aids 
a liquid to wet a solid must contain groups which have an affinity for 
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both the liquid end the solid, respectively. Sinee solids may or may not 
be similar in constitution to oils, a substance which is a good emulsifying 
agent for hydrocarbon oils will have different effects in promoting the 
wetting of various solids by water. A high emulsifying power is not neces¬ 
sarily accompanied by high wetting power and vice versa. Thus, proteins 
are effective wetting agents for beeswax surfaces, but are relatively poor 
emulsifiers for hydrocarbon oils, while soaps possess these properties in 
the reverse relation. 

The extent to which a substance may effect the emulsifying, wetting, 
or spreading properties of a liquid or mixture of mutually insoluble 
liquids, such as an oil-water emulsion, is dependent upon the time allowed 
for it to migrate into the interfaces concerned; for the over-all concen¬ 
tration in the bulk of the liquid is usually low, and the marked effects 
exerted by surface-active substances are due to their ability to become 
concentrated in regions of transition from one kind of matter to another. 
The importance of time as a factor in the behavior of oil sprays was em¬ 
phasized by Ben-Amotz and Hoskins (1937) and will be further illus¬ 
trated in subsequent sections of this paper. 

MATERIALS, APPARATUS, AND METHODS 
Three water-soluble surface-active materials, a soap, blood albumin, and 
hemoglobin, were used as accesssory substances. The soap was a so-called 
“neutral” powder, U.S.P. sodium oleate. It was finely divided, slightly 
yellow in color, and dissolved completely to give a practically colorless 
opalescent solution. A stock solution of known strength, made up fresh 
from time to time, was used in preparing the various solutions and 
emulsions. 

The blood albumin was a commercial preparation of dried blood pro¬ 
teins known as Mapco Blood Albumin. It was a browmish-red powder, 
containing approximately 3 per cent of insoluble material. A stock solu¬ 
tion was used for preparing the various dilutions. 

The hemoglobin was prepared in the laboratory from fresh beef blood 
according to the method of Morse (1927). Great care was taken to avoid 
conditions likely to cause chemical or physical changes in the hemo¬ 
globin, and the various preparations were kept at 0° C in aqueous solu¬ 
tion. The concentration of each stock solution was determined by analysis 
for nitrogen and for iron. In each case the two methods agreed within 1 
per cent. 

The accessory substances were used at concentrations varying from 
zero to 0.0225 per cent by weight. For convenience, actual measurements 
were made in milligrams per gallon of spray and are so given in the 
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graphs. The relations of milligrams per gallon, per cent by weight, and 
ounces per 100 gallons are as follows: 


Milligrrams 

Per cent 

Ounces per 

per gallon 

by weight 

100 gallons 

71 

0.0019 

% 

142 

0.0037 

% 

284 

0.0075 

1 

568 

0.0150 

2 

852 

0.0225 

3 


The oil used in all experiments was a “white neutral” tank-mix stock 
oil of 80 seconds Saybolt viscosity, 92 per cent unsulfonatable residue, 
and 0.85 grams per cc density. It was secured from the refinery at inter¬ 
vals and kept in closed cans to minimize the changes that take place dur¬ 
ing storage. This oil was used at 2 per cent by volume in all the emulsions. 

The water was ordinary Berkeley tap water whose pll is 8—9 and de¬ 
gree of hardness 45-50 p.p.m. CaCO,. The temperature of the spray 
liquids when ready for use was 16—20° C. 

The surface to which the sprays were applied W'as a commercial white 
beeswax, which, for application, W'as dissolved in carbon tetrachloride at 
35° C to a concentration of 4.5 per cent by weight. Oil sample bottles 
13.6 cm in height and 3.6 cm in diameter (total lateral area 353 sq. cm) 
and gla.ss plates 3^/4 by 4yt inches were dipped in the wax sohition and 
then set on a rack to dry for 24 hours. A vei*y thin hard coating was left 
which appeared to be uniform in properties and who.se weight was con¬ 
stant thereafter. The bottles and plates were usetl as soon thereafter as 
possible, for after a fev^ days the surface became split by fine cracks and 
behaved differently when si)rayed. 

Measurements Made under Static Conditions. —Surface tensions were 
determined with the du Nofiy interfacial tensiometer. All measurements 
were made by pulling the ring upward. In preparing for a test, care was 
taken to disturb the surface to a minimum extent in order that the ex¬ 
perimental result might be an accurate measure of the tension of a sur¬ 
face of the given age. 

Angle of contact was determined by placing a small drop of t he liquid 
upon a horizontal waxed plate and photographing it from the side. 

Replacement of one liquid hy another was studied by placing drops of 
each very close together and visually following the changes in position 
after the drops touched. 

Emulsifying power was studied by agitating for 1 minute with a milk¬ 
shake mixer equal volumes of oil and a solution of the chosen accessory 
substance. The emulsions were then allowed to stand in tall cylinders 
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and the time required for 50 per cent of the oil to escape and collect at 
the top was determined. 

Measurements Made under Dynamic Conditions .—The extent of wet¬ 
ting of a surface as spray is applied to it was determined by taking photo¬ 
graphs with 0.001 second exposure (Craig, 1936). By doing this at 
intervals, the sequence of events can be followed as a spray is applied. 

The shape assumed hy drops as they roll down a vertical or inclined 
surface was also studied by the photographic method. 



Fig. 2.—Apparatus used in spraying. 


The important (list i net ion between the advancing and retreating 
angles of contact made by rolling drops is brought out clearly by photo- 
grai)hs. 

The spraying ajjparatus consisted of a small gear pump attached to a 
horizontal 2-gallon tank e(iuipped with an agitator having long flat 
blades of the ice-cream-freezer type, which revolved 240 times per min¬ 
ute. The nozzle was of the Vermorel design with a disk opening inch 
in diameter. By properly setting the pin, a solid cone of spray of uniform 
density can be secured. The objects to be sprayed were placed in a hood 
55 cm distant from the nozzle and centered in the spray cone. The bottles 
were attached by means of a cork to the lower end of a vertical ii’on rod 
which rotated at 15 r.p.m. The entire apparatus is shown diagrammati- 
cally in figure 2. 
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The sprays were prepared by putting 1 gallon of water in the tank with 
the required amount of accessory substance. The agitator was set in mo* 
tion and oil in the standard amount of 2 per cent by volume was added. 
After agitation had continued for 5 minutes, the pump was started and 
the emulsion was recirculated to the tank under a pressure of 80 pounds 
to the square inch for 1 minute. SuflScient spray was then wasted to flush 
out the pipes and the waxed bottles were sprayed as rapidly as possible. 

The volume of spray applied to each bottle was regulated by catching 
the runoff in a funnel and graduated tube set closely beneath the bottle. 
Spraying was continued until the volume of the liquid was 20 cc. At a 
pressure of 80 pounds per square inch very little liquid is knocked off the 
bottle, and consequently that which drains from the bottom is a reliable 
index of the total volume which struck the surface. By means of a shutter 
set in front of the nozzle, the volume of the spray which reaches the bottle 
can be controlled to within 1 ce. The corresponding variations in deposit 
are negligible. 

Four bottles were sprayed for each deposit test, and the tests were re¬ 
peated several times for each condition. 

The amount of oil deposited was determined by the difference in 
weight before and after spraying, 48 hours being allowed for all water 
to evaporate. 

The amount of aqueous solution or of entire emulsion deposited was 
determined also by the difference between weights before and after 
spraying, but in these cases the bottles were taken from the spray cham¬ 
ber, placed for 5 minutes in a compartment saturated with water vapor 
in order that excess liquid might drain off, and then weighed as rapidly 
as possible. 

For studying the amount of accessory substance left upon the surface 
under various conditions, hemoglobin was used and estimated by analysis 
for nitrogen by a micro-Kjeldahl method. 

RESULTS 

Effects of the Accessory Substances upon the Wetting and Depositing 
Powers of the Aqueous Phase. —The study of the separate components of 
the emulsions was begun with the aqueous phase since it is the only one in 
which the surface-active added substances are soluble and which, there¬ 
fore, may be expected to reveal most simply the effects of their presence. 

In figure 3, A, the behavior of water and of solutions of blood albu¬ 
min, hemoglobin, and sodium oleate during application to waxed bottles 
is shown by photographs taken with 0.001 second exposure according to 
the method of Craig (1936). When the pictures were taken, spraying had 
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Pig, 3 ,—Behavior of aqueous solutions of the accessory substances during spraying; 5, behavior of drops of aqueous solutions of the 
accessory substances as they move down an inclined wax surface. Composition of the solutions: a, water; h’-d, blood albumin; e-g, hemo¬ 
globin ; h-j, sodium oleate. Each of the accessory substances is in a series of increasing concentrations—35, 142, and 568 mg per gallon. 
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been in progress for 10 seconds, during which time approximately half 
the standard runoff of 20 cc had occurred. The appearance at correspond¬ 
ing concentrations of the two protein solutions is somewhat similar and 
is in sharp contrast to that prevailing with the soap. At equal concentra¬ 
tions, hemoglobin gives somewhat better wetting than the commercial 
blood albumin. The lowest concentration of each substance causes the 
solutions to wet but little better than water; but thereafter the proteins 
cause the formation of broad shallow drops, which coalesce to run do-wn 
in streams. With the highest concentration illustrated (568 mg per 
gallon), wetting is fairly well accomplished and broad sheets cover a 
considerable portion of the area. The soap solution at the highest concen¬ 
tration shown forms only a few narrow streams and no sheets. As a matter 
of fact, comparable wetting scarcely occurs with solutions of sodium 
oleate six times as concentrated as those of the proteins. 

The contrast between the effects of the two types of accessory sub¬ 
stances is illustrated further by photographs taken several minutes after 
spraying was completed. These conditions are shown in figure 4. The 
transition from small hemispherical drops to broad shallow drops and 
eventually to complete coverage of the wax surface by a continuous 
sheet of solution is shown clearly for the two proteins. On the other hand, 
even the highest concentration of soap causes only limited formation of 
streams and no eontinuoiis coverage. 

The observations and photographs made both during and after spray¬ 
ing leave no doubt that as measured under actual conditions of use, soap 
solutions are very poor wetting agents for beeswax surfaces, whereas the 
two protein solutions, particularly the hemoglobin, are excellent for that 
purpose. 

A quantitative study of the amounts of solution left upon the surface 
was made by allowing each tared bottle to drain for 5 minutes in a cham¬ 
ber practically saturated ■w'ith water vapor and then weighing it. Very 
little drainage occurred after this interval. 

The results are given in figure 5. They bring out the important fact 
that whereas the formation of shallow drops tends to increase the amount 
of liquid remaining upon the .surface, as soon as conditions are such that 
complete wetting occurs, the amount remaining is very greatly reduced. 
This result is in accord with the finding of Evans and Martin (1935) that 
the better the wetting the less the maximum amount of spray that could 
be applied before runoff occurred. Although the conditions of their work 
and those of the present experiment were very different, in both cases 
improvement in wetting led to decreased deposit. The soap solution, 
which does not pass through the state of forming shallow drops but 




Fig, 4.—AiJpearaiice of bottles several minutes after spraying 
with aqueous solutions of the accessory substances: A, a, water; 
h-Cy blood albumin; JB, honioglobin; C, sodium oleate. Each of the 
accessory substances is in a series of increasing concentration— 
by 71 mg per gallon; c, 142 nig per gallon; d, 284 mg per gallon; 
e, 568 mg per gallon. 
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forms very uarrovr streaks instead, remains upon the surface in eontin* 
uoiisly decreasing amounts as more solute is used. 

It was very easy to notice during the act of spraying that the various 
solutions made widely differing angles of contact with the solid; to some 
extent these effects can be seen in the photographs of figure 3, A. In order 
to study this behavior to better advantage, photographs with O.OOl-seo* 



Tig. 5.—Total deposit of solutions of the various accessory substances. 

ond exposure were taken of drops of the solutions as they rolled down a 
waxed slide set at an angle of 24° to the vertical. 

The results are shown in figure 3 B. Since the drops were made to fall 
very rapidly from the tip of the burette, they were of nearly uniform 
size, and several could be photographed at once as they moved down the 
slide. The following significant differences in behavior of the solutions 
may be noted: moving drops of the water and of all the soap solutions 
assume approximately the same shape; but with successively higher con¬ 
centrations of protein, drops of these solutions flatten, and with the 
greatest amounts present (fig. 3 B, d and gr), a continuous sheet so thin 
that it cannot be seen from the side is formed by coalescence of the suc¬ 
cessive drops. 

A somewhat similar method of studying spray liquids was suggested 
by Heranger (1936) who allowed drops to move down the underside of 
an inclined tube. Under those conditions, the drops are distorted on ac¬ 
count of the shape of the solid. For this reason, the present method seems 
to approximate more closely conditions of normal use of sprays. 
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The difference between the advancing and retreating angles estab¬ 
lished during movement of drops down a wax surface is brought out 
clearly in figure 3 B. In the case of water and the soap solutions, the ad¬ 
vancing angle is somewhat greater than 90°, whereas the retreating angle 
is considerably less. However, the important point is not the precise 
magrnitude of these angles but the fact that the latter have a finite magni¬ 
tude, that is, the drops move as a whole and do not leave a layer of solu¬ 
tion behind them. By contrast, the protein solutions, particularly that of 
hemoglobin, form long tails and, with the higher concentrations, spread 
from one drop to the next and make a zero retreating angle with the wax 
surface. 

Since this ability of the protein solutions to adhere strongly to the sur¬ 
face is entirely due to the solute, it was of great interest to learn if the 
proteins become concentrated upon the wax. This was done in the follow¬ 
ing manner: bottles were sprayed in the usual way, taken from the stand, 
and shaken several times very vigorously. By this procedure most of the 
liquid was mechanically removed, and a fairly uniform weight of about 
125-150 mg was left as a thin film in all cases. The amount.s of protein in 
these strongly adherent portions of the spray solutions, as calculated 
from micro-Kjeldahl determinations of nitrogen, are given in (*.olumns 
2 and 3 of table 1. From the original concentrations in the spray solu¬ 
tions, the amounts of protein in this weight of solution may be calculated 
approximately, by assuming unit density, to vary from 0.0025 to 0.031 
mg. Upon dividing the first and last numbers in columns 2 and 3 of 
table 1 by these figures, it is found that the blood albumin is from 60 to 
25 times as concentrated in the strongly adherent film upon the bottles 
as in the original solutions and the hemoglobin from 140 to 20 times as 
concenti’ated, depending upon whether the weakest or the strongest solu¬ 
tions are compared. As is usual with adsorption processes, the greater 
relative effect is found with the more dilute solutions. 

To gain further information regarding Ihe collection of protein at the 
wax-liquid interface, analyses were made to determine the amount of 
blood albumin in all the solutions which remained upon the bottles after 
spraying, that is, those showm in figure 4. The amounts are given in col¬ 
umn 4 of table 1. Comparison of columns 3 and 4 shows that most of the 
protein remained upon the bottles when they were shaken, though for 
the lower concentrations at least 80 per cent of the adhering liquid was 
shaken off. Hence, this experiment also indicates that the protein accu¬ 
mulated at the solid-solution interface. 

• On account of the emphasis placed by certain writers upon the im¬ 
portance of surface tension as a measure of the wetting or spreading 
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properties of spray solutions, determinations were made of the surface 
tensions of the various solutions of blood albumin, hemoglobin, and so¬ 
dium oleate used in the spraying experiments. All measurements were 
made upon surfaces 15 seconds old since this is about the least time in 
which trustworthy tests can be carried out with the du Nody instrument. 

The results are given in table 2. Apparently the differences in behavior 
of the various solutions during spraying cannot be correlated with the 
surface tension measured in this way. The tension of older surfaces, such 

TABLE 1 

Weioiits of Proteins in Sprat Remaining upon Waxed Bottles 



Weight of protein on bottle 

Concentration of acceHsory 

From solution 


HubRtance in spray liquid 

After shaking 

Not shaken: 

From emulsion 
(not shaken): 
hemoglobin 


Hemoglobin 

Blood albumin 

blood albuimn 

/ 

f 

5 

4 

5 

viu p«r gnl 

71 

mg 

0.35 

mg 

0 15 

mg 

0 25 

mg 

0 22 

142 

0 41 

0 31 

0 41 

i 0.23 

284 . 

0 47 

0 47 

0 66 

0 26 

568 

0 54 

0 63 

1 14 

0.30 

852 

0 50 

i 0 70 

0 70 

0 34 


as are ordinarily u.scd for such measurement, are even less likely to be 
related to the wetting power of spray liquids during application. 

Effects of the Accessory Substances upon the Behax'ior of the Oil Phase 
and of the Complete Emulsion. —The introduction of oil into an aqueous 
spray liquid leads at once to the situation previously described, that is, 
competition between the two phases for room upon the surface sprayed. 
The extent of separation of oil and water during the time an emulsion is 
passing through the air from nozzle to surface is apparently not known; 
but since this period is very short with the arrangement used in the pres¬ 
ent work, most of the surface of the spray drops is probably aqueous. 
Accordingly, after impact of the spray, there is opportunity for migra¬ 
tion of the aecessoiy substance to the solid-aqueous interface, and wet¬ 
ting occurs to an extent dependent upon the concentration of the wetting 
agent and the nature of the solid. 

Photographs of the behavior of various emulsions during spraying are 
shown in figure 2 of the previous article in this series (Ben-Amotz and 
Hoskins, 1937). Comparison of these pictures with those for the solutions 
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containing no oil (fig. 3, A, of this paper) reveals that the emulsions wet 
the surface less easily than the corresponding solutions of the accessory 
substances. When the aqueous phase wets poorly—for example, in the ab¬ 
sence of accessory substances or with soap solutions—the droplets grow 
in size upon the surface during spraying until under the influence of 
gravity, they begin to move downward. Their shape is similar to that 

TABLE 2 

SuRTACE Tension* op Solutions op the Various 
Accessory Substances 
(All surfaces were 15 seconds old) 


Accetisory substance 

Concentration 

Surface 
tension, y 


mg per gal 

dynes per cm 

None 

0 (tap watei) 

74 0 



71 

05 0 



142 

02 0 

Blood albumin 

i 

284 

59 5 


1 

1 

568 

67 6 


i 

852 

56 4 



f 71 

70 5 



142 

07 4 

Hemoglobin 


284 

04 4 



568 

01 0 


! 

[ 852 

53 8 



' 71 

09 9 



142 

00 0 

Sodium oloate 

1 1 

284 

03 5 



508 

58 9 



[ 852 

49 1 


• Thene data are as read on the du Notty tensiometer. To reduce them to 
ahaolute values of 7 , inultipb by factor 0.943, calculated by method of Harkins 
and Jordan (1930). 


shown in fig:nre 3, B, a, h, i, andAt no time is there a large area of con¬ 
tact between the emulsion and the surface, and consequently a com¬ 
paratively small portion of the available oil ever reaches the solid. If a 
drop of such an emulsion is allowed to move down the surface of a waxed 
slide or bottle, the oil which separates upon the solid can be seen as iso¬ 
lated spots. Complete coverage can be secured only by allowing many 
such drops to roll down a given portion of the surface. 

When the aqueous phase has moderately good wetting power—for ex¬ 
ample, with the protein solutions containing 35 to 142 mg per gallon—the 
drops of emulsion elongate as they move and form long tails in which the 
oil droplets congregate. Opportunity is thus afforded for oil to deposit 
upon the surface if it is able, first, to make real contact, and second, to 
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displace the aqueous phase. As far as these actions oceor, tlie knrfa^ 
chains from the original solid wax to liquid oil. An oil surface is wet by 
protein solutions much less readily than is wax. For this reason, the 
emulsions have more difficulty in remaining extended upon the surface 
as the latter is progressively converted to oil. At some eharacteristic con¬ 
centration for each protein, conditions will be such that maximum oil 
will reach the sprayed surface. With higher concentrations, the aqueous 
phase has so much wetting power that oil has excessive difficulty in dis¬ 
placing it from the surface; hence, less oil may be expected to be de¬ 
posited. 

Additional infonuation concerning the phenomena which occur dur¬ 
ing the application of emulsions to wax surfaces was secured by a study 
of the amounts of the various components deposited during the process of 
spraying. The total was determined by allowing the tared bottles to drain 
in the humidity chamber for 5 minutes before weighing, just as in the 
determination of total deposit of the solutions. The results are shown in 
figure 6. In this same figure are shown the amounts of oil deposited per 
bottle from 20 cc runoff of each emulsion. The difference between total 
deposit of emulsion and oil deposit is the amount of aqueous phase left 
upon the surface. Obviously the curves representing the deposits of the 
aqueous phase are in general similar in shape and close to those for total 
deposit. 

As was mentioned above, the photographs of the spraying process show 
that the various emulsions wet the surface more and more poorly as the 
deposit of oil increases. The deposits of the entire emulsions and of the 
aqueous phases bear out this observation. 

Thus the decided increase in total deposit with higher concentrations 
of blood albumin is consistent with the abrupt decrease in the amount of 
oil deposited, for the surface is thereby wetted more easily. At the same 
time, the formation of a thin film of the aqueous phase is not possible, so 
that no decrease in deposit occurs from that cause as occurred with the 
aqueous solutions alone (fig. 5). 

In the case of hemoglobin, the increase in total deposit with small 
amounts of the protein is caused by increased ease of wetting even in the 
presence of the oil; but thereafter the uniformly large amount of oil on 
the surface causes the deposit of emulsion to remain nearly constant as 
the concentration of hemoglobin increases. 

The nearly constant small amount of emulsion deposited in the case of 
sodium oleate may be explained as a consequence of the very poor wetting 
properties of this material over the concentration used, together with 
the fairly constant deposit of oil. 
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A cottiparisKm of figures 5 and 6 will show that with the higher eoncen- 
tratioou of aeeessory substances, more of the aqueous phase containing 
the proteins remains upon the surface than when only the solutions are 
used, whereas the reverse is the ease with soap. This shows clearly that 



Fig. 6.—^Deposit of oil, total emulsion, and aqueous phase resulting from 
different concentrations of accessory substances. 


the greater difficulty in wetting an oil surface and consequent formation 
of drops instead of sheets increases the amount of the aqueous phase 
which adheres to the surface. Since the soap solution is not able to form 
continuous sheets on either wax or oil, a similar reversal would not be 
expected. 

Further information regarding the behavior of oil emulsions during 
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spraying was obtained by analyses to determine the amounts of accessory 
substance left upon the wax surface during the process of spraying. Com¬ 
parison of the data in columns 5 and 2 of table 1, shows that hemoglobin 
was present in amounts somewhat over half as great as when no oil was 
in the spray. Thus less accessory substance was deposited from the emul¬ 
sion than from the aqueous solution; but since drops of the emulsion clung 
to the oily surface, this experiment shed no light on whether the hemo¬ 
globin was still upon the wax, that is, beneath the oil, or whether it was 
all in the aqueous phase. In order to determine this point, two kinds of 
experiments were performed. 

In the first experiment, upon bottles which had been sprayed with an 
emulsion containing hemoglobin, the locations of the adherent drops of 
the whole emulsion were marked, and the spray was then allowed to dry. 
The spot-test reagent of Lucas (1935) was then applied to various regions 
of the surface. This reagent is a solution of sodium perborate and benzi¬ 
dine in glacial acetic acid, and it changes from pale straw color to blue 
in the presence of extremely small amounts of hemoglobin. The results 
were very clear-cut; for even the smallest drop of the whole emulsion 
gave an uumistakable response, but the rest of the surface gave no color. 
It is scarcely possible that the oil covered over any hemoglobin and pre¬ 
vented a reaction; for after standing several hours, as in some of these 
experiments, the oil enters into the wax layer and leaves the surface ex¬ 
posed again. Furthermore, when a drop of hemoglobin was allowed to dry 
upon the wax surface and a thin film of oil was added and allowed to 
stand for a time, the test was very positive. This experiment indicates 
that hemoglobin follows the aqueous phase and does not remain behind 
when water is displaced by oil. 

The second test of this theory consisted of placing drops of oil and of 
hemoglobin solution adjacent to one another upon a waxed .slide. The 
areas in which the solution was replaced by oil gave no test for hemo¬ 
globin. 

No direct study of the behavior of blood albumin or of sodium oleate 
could be made since similar simple tests are not available. There is every 
reason to believe that blood albumin acts like hemoglobin. In fact, during 
the replacement of their solutions by oil, both proteins may be observed 
to pile up in front of the oil as it advances. Probably not even a unimolec- 
ular layer of the water-soluble proteins is left upon wax as the latter be¬ 
comes covered by hydrocarbon oils. A definite conclusion can scarcely 
be drawn for soajj, which has much more affinity for oil. However, the 
very poor wetting power of soap solutions for wax is an indication that 
soap also will follow the aqueous phase. 
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A number of experiments were made to study the displacing power of 
oil for the various solutions of accessory substances placed upon waxed 
plates. In the case of water and of any of the soap solutions within the 
concentration range used in the spraying work, displacement was com¬ 
plete. The oil crept around and beneath the aqueous drop, which even¬ 
tually floated upon the oil in the form of a flattened sphere. Probably 
because water is heavier than oil, the latter was present beneath the drop 
of water only in a very thin but continuous film. 

When a protein solution was used, the initial rate of displacement was 
slower, and equilibrium was reached in some one of the positions indi¬ 
cated in figure 1. The higher the protein concentration the less the re¬ 
placement and the more closely the equilibrium state resembled figure 1, 
II. On account of its great importance in connection with all oil emul¬ 
sions, the replacement of one phase by the other merits further detailed 
study. 

DISCUSSION 

In spite of the importaiuie of the quantity of liquid left upon a plant or 
other sprayed surface when an aqueous solution of an insecticide or fun¬ 
gicide is applied, very little information on the subject has been recorded. 
Emphasis is usually laid upon complete wetting of the surface; and of 
course the importance of reaching each part, at least during the applica¬ 
tion of the spray, cannot be denied. TTnfortunately, however, as shown 
by Evans and Martin (1935) and in the pi-esent investigation, the state 
of complete wetting is also that of low retention of liquid. The discovery 
that dissolved proteins become concentrated in the adhering liquid sug¬ 
gests that toxic materials, for example, nicotine or polysulfide, may be 
held in a similar manner. If this should prove to be the ca.se, then w'etting 
agents would probably affect such behavior, and the possible helpful or 
harmful effects in this respect of various accessory sTib.stances would 
offer a fruitful field of investigation. 

Difficulties in ExperinientalWork .—Efforts to gain information about 
the behavior of sprays during actual use must be made under two kinds 
of handicap. Theory has been developed extensively for static but not for 
dynamic conditions. At least two additional forces must be introduced 
into the expressions for the behavior of a liquid sprayed against a solid, 
that is, gravity and impact pressure. The steady increase in the pressure 
under wdiich sprays are being applied as more powerful pumps are de¬ 
veloped causes the latter factor to be of more and more importance. Until 
such theoretical advances are made, recourse must be had almost entirely 
to empirical methods. Here the .second difficulty arises; for the necessary 
technique has been developed but slightly. The complete failure of the 
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drop method for measuring dyuamie angles of contact was pointed out 
by BeU'Amotz and Hoskins (1937) and illustrated by photographs. The 
rotating cylinder method of Ablett (1928) is undoubtedly an improve¬ 
ment and merits trial with spray solutions. The ordinary method of 
changing the angle of incidence of a slide introduced into the liquid has 
been shown by Evans and Martin (1935) to give results suitable for cor¬ 
relation with deposit of solution formed by their special method of spray¬ 
ing only up to runoff, but it does not apply to the method of overspraying 
ordinarily used. 

Importance of Dynamic Retreating Angle and Static Advancing An¬ 
gle.—A distinction must be drawn between the situations in which the 
advancing angle and those in which the retreating angle is of prime im¬ 
portance. When the degree of wetting achieved by a liquid over the 
surface sprayed and the amount of the liquid retained are the chief con¬ 
siderations, as in the present work, the retreating angle is a controlling 
factor. Contact having been made with the surface by spraying under 
pressure, the behavior of the liquid thereafter depends upon its tendency 
to draw back and roll off. Contact brought about in this way may not be 
wetting at all in the sense of a meeting of molecules which have a marked 
degree of affinity for each other. 

If the spray is a pure liquid or a solution, that is, consists of one phase 
only, the amount which will remain \ipon the solid will not be influenced 
seriously by the manner in which excess liquid leaves the surface during 
spraying, but it will be affected greatly by the behavior of that which is 
present just as spraying is stopped. For this situation, the best criterion 
is the retreating angle of contact measured under dynamic conditions 
simulating those prevailing at the time concerned. The migration of sol¬ 
ute molecules to an interface and their orientation there are functions of 
time. lienee a measurement made after more or less prolonged contact, as 
is the usual method, does not represent the behavior of a spray in ordi¬ 
nary use; for drainage under the influence of gravity occurs rapidly. 

The spreading of a spray beyond the limits to which it is driven during 
application may be of great importance, for example, in reaching be¬ 
neath the covering of a scale insect or between the petals of an unfolding, 
bud. Such extensions of a liquid usually occur rather slowly. Hence 
measurements of the advancing angle of contact made under static con¬ 
ditions may be entirely appropriate for study of such behavior. 

In short, the static advancing angle is a valuable measure of the ability 
of a liquid to spread, and the dynamic retreating angle is an equally val¬ 
uable criterion of its ability to wet. In each case the indication is valid 
only for the solid upon which the measurement was made, though spread- 
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ing k more sensitive to surface conditions than is wetting (Bartell and 
Wooley, 1983). The rapidity with which a liquid changes in shape or 
position is, of course, dependent also upon its viscosity (Woodman, 1924; 
Research Staff of General Electric Company, 1922). 

Effect of Stability of Emulsion .—The foregoing discussion of the be¬ 
havior of liquids applies to any single-phase spray, though, in the present 
work, interest was centered in the aqueous phase largely because it is the 
carrier for the emulsified oil. The introduction of a second, finely divided 
liquid, such as oil, broadens the range of variation in the system by at 
least three additional factors: stability of the emulsion, competition for 
space upon the solid, and alteration of the surface as oil increases in 
amount upon it. Of these, the first was discussed by Ben-Amotz and 
Hoskins (1937), who showed that the more stable an emulsion, other 
things remaining equal, the less oil will be deposited from a given volume 
of it. As the stability increases, the individual oil droplets make contact 
with the solid surface with greater and greater difficulty and fewer of 
them escape from the layer of emulsifying agent which has collected in 
the oil-water interface. The ideal method of measuring stability in this 
case would evaluate this ability of oil to escape from the emulsion to the 
solid. Such a method, separated completely from wetting phenomena of 
the aqueous phase, does not seem to have been developed. 

The arguments advanced earlier regarding the importance of the 
dynamic retreating angle of contact as a factor which determines the 
amount of a homogeneous liquid which will remain upon a sprayed sur¬ 
face must be emphasized from yet another point of view in the case of 
emulsions. When the aqueous phase has moderately good wetting power, 
the drops elongate as they roll and in the tails the droplets of oil congre¬ 
gate. They are thereby brought close to the solid, and their chances of 
making contact with it are enhanced. As emphasized before, at some cer¬ 
tain concentration of each accessory substance which allows sufficient 
wetting, maximum oil will be left upon the surface. This condition is 
realized with the two proteins but not with the soap; for solutions of the 
latter do not have pronoiuieed wetting power except at concentrations so 
high that the deposit, because of the great stability of the emulsion, is 
extremely low. How much the conditions of replacement of the aqueous 
phase by oil are influenced by the pressure with which the spray liquid 
strikes the surface apparently has not been investigated. Until this in¬ 
formation is available, experiments on replacement under static condi¬ 
tions cannot be used for quantitative comparison of various emulsions, 
but they certainly permit qualitative comparison. 

Primary and Secondary Deposit .—The gradual alteration in the 
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sprayed surface from the original solid through spotted attachment and 
spreading of oil droplets to the final continuous layer of oil affords op¬ 
portunity for division of the process into steps. The terms “primary” and 
“secondary” deposit were used by Smith (1933) and with slightly modi¬ 
fied meaning by Hensill and Hoskins (1935). In the light of certain ideas 
developed in this report, they may be further elaborated. The primary 
deposit really consists of two parts. In the beginning, oil droplets are 

TABLE 3 

Fractional Part or Total Oil Deposit Contributed by Secondary Deposit 


Concentration of 
accessory substance 

Weight of aqueous 
phase left 

Minimum weight 
of oil 

corresrionding t-o 
aqueous phase 

Total oil deposit 
(from fig. 7) 

Minimum fraction 
of total 

oil deposit from 
secondary deposit 

Blood 

albumin 

d 

O M 

n 

Sodium 

oleate 

Blood 

albumin 

d 

ilS 

BS 

Sodium 

oleate 

Blood 

albumin 

Hemo¬ 

globin 

Sodium 

oleate 

Blood 

albumin 

Hemo¬ 

globin 

Sodium 

oleate 

mg per gal. 

mg 

mg 

mg 

mg 

mg 

mg 

mg 

mg 

mg 

per 

per 

per 











cent 

cent 

cent 

0 

140 

140 

140 

2 4 

2 4 

2 4 

28.0 

28 0 

28 0 

0 

9 

9 

71 

125 

250 

155 

2 1 

4 2 

2.6 

55.0 

68 0 

20 0 

4 

6 

13 

142 . . 

180 

300 

165 

3 1 

5 1 

2 8 

37 0 

78 5 

19.5 

8 

6 

14 

284 . . 

280 

330 

175 

4 8 

5 6 

3.0 

26 0 

78 0 

20 0 

18 

7 

15 

568. 

450 

360 

205 

7-7 

6 1 

3.5 

19 0 

65 0 

19 0 

41 

9 

18 

852 

660 

380 

!_ 

300 

11.0 

6 5 

5 1 

17 5 

57 5 

10 0 

63 

11 

27 


placed upon wax and in almost innumerable points a thin coating is 
developed as the oil spreads. This may be called the first stage, during 
which the wetting power of the aqueous phase for wax determines the 
manner and extent of contact between spray and solid. Displacement of 
the aqueous phase by oil corresponds in general to that found when a 
drop of oil and a drop of sohxtion of the accessory substance are placed 
adjacent to one another upon a w'axed slide. As the surface becomes 
changed from wax to oil, the fii^st stage merges into the second, in which 
the wetting power of the aqueous phase for a surface of oil determines 
the degree of contact. Displacement of the aqueous phase by additional 
oil from the spray is ver>^ rapid and complete. Hence the major portion 
of the primary deposit is laid down during this period. 

Secondary deposit is that part of the total oil which reaches the sur¬ 
face from adhering drops or sheets of emulsion when the water in the 
latter evaporates. The data needed for determination of its magnitude 
are given in figure 6, if thv assumption is made that the aqueous phase 
which is left upon the bottles at the conclusion of spraying has the same 
composition as the original emulsion. The results are given in table 3. 
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With low concentrations of the accessory substances, only a small por¬ 
tion of the total oil is contributed by the secondary deposit; but at 
higher concentrations, this is increasingly important, particularly in 
the case of blood albumin. 

There is evidence from visual observation that the assumption made in 
these calculations is not valid in all cases; for the residue of emulsion 
resembles the product formed by creaming, particularly when the larger 
amounts of accessory substances are present. That is, under the circum¬ 
stances in which the drops elongate as they roll down the surface, the 
emulsion becomes enriched and more oil is left as a secondary deposit 
than is calculated from the weight of emulsion upon the surface. Hence 
the data of table 3 on secondary deposit should be taken as minimal 
values. 

In general, high .secondary deposit is undesirable, for such oil will be 
left in very localized regions and can contidbute to the general deposit 
only by spreading upon the surface. While this may occur to some extent 
with oil, it is impossible in the case of a suspended solid such as bordeaux 
mixture or lead arsenate. Consequently the secondary deposit of such 
substances is of little value, except with such i)ests as are attracted to 
spotty deposits of toxic material—for example, the w'alnut husk fly, 
Rhagoletis eoniplcta Cresson." 

The nature of the curves relating total deposit with concentration of 
accessory substance can be qualitatively explained for blood albumin, 
hemoglobin, and sodium oleate in terms of the wetting power of the 
aqueous pha.se, ease of replac-ement of the aqueous phase by oil, and sta¬ 
bility of the emulsions. The characteristic differences between typical 
wetting agents and typical emulsifiers are consistent with their relative 
abilities to deposit oil. The above properties, however, are complex in 
nature and give no final answer to the problem. 

The information gathered from these experiments indicates the possi¬ 
bility of formulating a theory in terms of three fairly simple properties 
of an oil emulsion : 

1. The retreating angle of contact of the aqueous phase upon the chosen 
solid. This must be determined under dynamic conditions, and at present 
high-speed photography seems to offer the best approach. 

2. Ease of escape of oil from the minute droplets of the emulsion onto 
the stirfaee. The difficultj' in testing this property is separation of it 
from M'etting power of the aqueous phase. 

3. Eate of replacement of the aqueous phase by the oil. Theoretically 
this is involved in equation 2, ysu = ysA + vaii ‘ cos ^An. Direct measure- 

” Personal communication from Dr. A. M. Boyce. 
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ment of 9uh which may be called the angle of replacement, ia Tory diffi* 
cult under dynamic conditions, and the displacement method of Barh^ 
and Osterhof (1927) and Bartell and Whitney (1932) is complicated in 
the present ease by the solubility of oil in the beeswax. 

Wetting Agents as Spreaders of OH .—^The question of the rWe of 
water-soluble wetting agents in promoting the spread of oil has been dis¬ 
cussed by certain previous workers (de Ong, Knight, and Chamberlain, 
1927; Smith, 1933; Knight and Cleveland, 1934). Smith, who used the 
term “spreader” in the same sense in which “accessory substance” is 
used in this report, said: “It appears that one function of a spreader is 
to cause the oil to spread on surfaces upon which it will not spread other¬ 
wise” and “As the water evaporates, the spreader lays down a coating 
over the surface over which the oil spreads in a uniform film.” 

The truth of the second statement is substantiated by the experimental 
observation that oil spreads over a region in which a protein solution has 
dried on beeswax several times as fast as upon the untreated beeswax. 
The protein, however, must be dry. Hence the effect can occur with oil 
emulsions only after the water has evaporated. The evidence from the 
replacement experiments indicates that water-soluble accessory mate¬ 
rials promote wetting by the aqueous phase only. But there are differ¬ 
ences in the tendencies of proteins and of soaps to collect in the various 
interfaces. Thus, sodium oleate has a strong affinity for the oil-water in¬ 
terface and forms very stable emulsions, which wet wax but poorly 
because the soap has less aflSnity for the wax-water interface. Blood albu¬ 
min and hemoglobin promote wetting by water very strongly but emul¬ 
sify oil poorly. Possibly an accessory substance somewhat soluble in both 
water and oil would be retained sufficiently by the oil to promote the 
spread of the oil upon wax during the time of spraying, but this would 
necessitate the presence in the molecule of three groups having affinities 
for water, oil, and wax, respectively. 

SUMMARY 

The application of a spray is a dynamic process, and hence attempts to 
relate the deposit of oil obtained from various emulsions should be based 
upon measurements made under conditions approximating those of use. 
With a standard surface of beeswax as the solid sprayed and a standard 
method of spraying, a study has been made of the relations between con¬ 
centration of blood albumin, hemoglobin, or sodium oleate and the fol¬ 
lowing properties: amount of the aqueous solution and of the accessory 
substance deposited in the absence of oil; deposit of oil, of aqueous phase, 
of accessory substance, and of all components when emulsions were used; 
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ease of wetting of wax by solutions of the accessory substances and by the 
entire emulsion; replacement of aqueous phase by oil; and stability of 
the emulsions. 

The amount of oil deposit can be explained at least qualitatively as 
follows: When only oil and water are present, the emulsion wets poorly, 
and drops roll on the surface with minimum area of contact. Addition of 
a protein promotes wetting and opportunity for oil to reach the surface. 
Hence deposit is increased until formation of large sheets of the aqueous 
phase upon the surface and resistance to displacement of the aqueous 
phase by oil lead to a decrease in oil deposit with higher concentration of 
protein. Soap promotes wetting so little that a corresponding increase in 
oil deposit does not occur. With all three accessory substances, the in¬ 
crease in stability of the emulsions diminishes oil deposit. Water-soluble 
substances follow the aqueous phase and increase spreading of oil only 
after the water has evaporated. 
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THE USE OF SELENIUM IN SPRAYS FOR THE 
CONTROL OF MITES ON CITRUS 
AND GRAPES^ 

W. M. HOSKINS,* A, M. BOYCE,* and J. P. LAMIMAN* 
INTEODUCTION 

Fob several years it has been increasingly obvious that the standard 
methods used for control of several plant-infesting mites in California 
are unsatisfactory (Boyce, 1936).° For this reason the California Agricul¬ 
tural Experiment Station projects on the citrus red mite, Paratetrany- 
chus citri McG., and on the Pacific red spider, Tetranychus pacificus 
McG., have been carried on very actively. One feature of such projects is 
the examination of new materials under both small-scale and practical 
conditions. In pursuance of this work, a proprietary selenium-containing 
preparation called Selocide Avas tested by Lamiman (1933) against the 
Pacific red spider on grapes. This material had been used successfully by 
Gnadinger (1933) for control of the common red spider, Tetranychus 
telarius (Idnn.), in greenhouses. The first small-scale field trials on both 
grapes and citrus Avere of so much promise that a new project* was organ¬ 
ized in 1934 for the purpose of making a thorough study of the practical 
utility of Selo<'ide alone and in combination Avith other substances for 
the conti’ol of mites affecting citrus and grapes. 

It is an interesting coincidence that at about the time Avhen the use of 
selenium for plant protection was SAiggested, attention was first directed 
to this clement as a harmful ingredient of animal and human foodstuffs. 
Sinc,e the first settlers went into the semiarid Great Plains region of the 
United States, a liA'cstock ailment of unknown origin has been noticed in 
many areas of the present states of South Dakota, Nebraska, Kansas, 
Wyoming, and other neighboring states. The disorder assumed, in gen¬ 
eral, either an acute or a chronic form, which became known as “blind 

^ HiM'oived for publication June 10,1938. 
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staggers” and “alkali disease,” respectively. The first written account 
seems to have been made by Madison (1860) and concerns an outbreak 
among cavalry horses at Fort Bandall, Territory of Nebraska, the site of 
which is now included in South Dakota. Madison attributed the trouble 
to grazing of the affected animals in a certain ravine. Since that time, 
occasional references to the disease have been made in agricultural ex¬ 
periment station reports, but little advance was made in determining the 
cause. Among practical stockmen, it was attributed usually to alkaline 
drinking water. 

In 1929 Pranke of the South Dakota Agricultural Experiment Station 
began the first comprehensive investigation of alkali disease and soon 
proved (Franke, Rice, et al., 1934) that it invariably followed the in¬ 
gestion of grains from certain districts in the state. The discovery by 
Robinson (1933) that selenium was present to the extent of 10-12 p.p.m. 
in a sample of the so-called “lethal wheat” at once gave a new direction to 
the investigation and led to extensive feeding trials with both inorganic 
selenium compounds and seleniferous plants in many laboratories. A 
warning against hasty adoption of selenium-containing materials as 
sprays was issued by Nelson, Hurd-Karrer, and Robinson (1933). 

In the light of these conditions, the investigation of the California 
Agricultural Experiment Station was designed to include, in addition 
to a study of the effectiveness of the selenium preparation for control of 
mites, determination of the amounts of selenium residue upon fruit as 
the result of various spray programs, of the accumulation of selenium 
in the soil beneath sprayed plants, and of the absorption of this selenium 
from the soil. Also, preliminary plant-rearing experiments and feeding 
trials of inorganic selenium and seleniferous plant materials were made. 

This report includes accounts of the experimental procedures and re¬ 
sults, as well as a summary of published information on the general oc¬ 
currence and toxicity of selenium and a discussion of its probable health 
hazard when used in the recommended manner upon citrus and grapes. 

CHEMICAL PROPERTIES OF SELENIUM AND ITS 
COMPOUNDS 

Selenium (Se) has an atomic weight of approximately 79 and lies be¬ 
tween sulfur and tellurium in the sixth group of the periodic table of 
the elements. Its closest neighbors'in the adjacent groups are arsenic and 
bromine. In the uncombined state, selenium occurs in several allotropic 
forms, of which the more common are the grayish-black crystalline, the 
black amorphous, and the red amorphous. The latter is formed when 
selenium is reduced from one of its compounds, is the most reactive form 



Not., 198S] Bo»biM-~Bo]fce-Lamiman: Selenium Sprays for Bed Mites 117 

of elementary selenium, and under many conditions is converted to the 
black crystalline state. The chemical properties of selenium are similar 
to those of sulfur. Both vary in valence from —2 to -|- 6 . Typical com¬ 
pounds representing the various valences are: — 2 , hydrogen selenide, 
HjSe; -f- 2 , selenium sulfide, SeS; -f- 4, selenium dioxide, SeOj, which 
unites with water to form selenious acid, HjSeOg*, -j- 6 , selenium trioxide, 
SeO,, which is known only in the hydrated form as selenic acid, HgSeO,. 
The two oxides and their corresponding acids and salts are strikingly dif¬ 
ferent in behavior: the tetravalent state is readily formed when nearly 
any ordinary oxidizing agent acts upon free selenium or its lower com¬ 
pounds, but only the most powerful oxidizing agents—^for example, per¬ 
manganate—can raise it to the hexavalent state. However, when fully 
oxidized, selenium can be reduced only with difficulty. Hence the selenate 
compounds are usually comparatively inert. On the contrary, the selenite 
state is reactive and may be readily reduced to a lower valence. 

Despite its close chemical relationship to sulfur, selenium until re¬ 
cently aroused little interest as a material for plant protection. The work 
of Lougee and Hopkins (1925) proved the toxicity of several selenium 
compounds to certain fungi, but damage to sprayed trees was severe. 

A 30 per cent solution of a mixture of potassium hydroxide, ammo¬ 
nium hydroxide, sulfur, and selenium in the proportions corresponding 
to the empirical formula (K NH 4 S)® Se is the proprietary product called 
“Selocide.” It contains 48 grams of selenhim per liter, or approximately 
6.4 ounces of selenium per gallon. Dilutions of 1:100 and 1:1,000 give 
sprays containing 0.0480 and 0.0048 per cent selenium respectively, and 
other dilutions are of projiortional concentrations. The first work done 
for control of the common red spider was usually at a dilution of 1:200 
(Gnadinger, 1933) but Lamiman (1933) found much more dilute solu¬ 
tions—for example, 1:600 and 1:800—to be effective outdoors against 
the Pacific red spider on grapes, and these same concentrations have been 
used widely on citrus. P^or proper wetting of most leaf and fruit surfaces, 
a wetting agent, such as a soluble protein, is advisable. 

The reactions which occur when a concentrated solution of Selocide is 
diluted with water, as in preparing a 1:800 spray mixture, do not appear 
to be known. Observation shows, however, that a large part, if not all, of 
the selenium is liberated as very finely divided, dark-red particles, which 
appear to be the red allotropic form of the element. When finely ground 
sulfur is added to Selocide, the residue has a persistent effect which is 
shown by neither component alone (see p. 119). There is no chemical evi¬ 
dence that a compound is formed, but the effect may possibly be due to 
some new product, such as selenium sulfide. 
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SELOCIDB ON CITRUS AND WALNUTS 
The Citrus Bed Mite .—The proprietary selenium preparation Seloeide 
has been rather extensively studied in connection with the control of the 
citrus red mite (spider), Paratetranychus citri McG., in southern Cali¬ 
fornia during the period from 1933 to 1937. This mite is one of the major 
pests of citrus in many areas (Boyce, 1936). The total acreage of citrus 
affected probably exceeds 125,000 acres. 

Until the advent in about 1925 of the highly refined petroleum oils for 
citrus sprays, sulfur in some form had been largely used for the control 
of the citrus red mite. During the past ten years, however, the use of 
sulfur or its compounds for the control of this mite has been very limited. 
This fact is due prirxcipally to the following causes; (1) superiority of 
oils for this purpose and the more general use of oils as a combination 
treatment for control of scale insects and this mite; (2) the unsatisfac¬ 
tory results in the control of this mite by sulfur as compared with the 
results secured in former years; and (3) hazard of fruit injury caused 
either by dry, hot winds in certain sections or by a sudden increase in 
daily temperature after sulfur applications. Thus, at present, petroleum 
oil is the principal material used for the control of the citrus red mite. 

In many sections, under ordinary conditions, one application of oil 
spray in the summer or fall affords satisfactory protection from injury 
by this mite for about one year. However, after the iise of an oil spray, if 
climatic conditions are extremely favorable to mite development through¬ 
out the winter and spring or throughout the summer, there usually 
develops a need for mite control with a material that contains little or 
no petroleum oil. In the coastal areas, there is commonly a necessity for 
citrus-red-mite control in the spring or early summer, even though oil 
spray was applied the preceding summer or fall. Prom the standpoint of 
adverse tree reaction, more than one treatment of oil spray at full dosage 
on citrus during a year is generally considered inadvisable. A large num¬ 
ber of growers prefer to abstain from the use of oil altogether and there¬ 
fore employ HCN fumigation in the control of scale insects. Fumigation 
usually has no appreciable effect in eitrus-red-mite control; in fact, the 
mite populations commonly increase more rapidly after fumigation than 
otherwise, since many of their natural enemies are killed. Evidently there 
is an urgent demand for a material other than oil for use in the control 
of the citrus red mite. 

Many laboratory tests and several hundred control experiments in the 
field were conducted in the various citrus-red-mite areas. These were de¬ 
signed principally to determine the most effective (1) concentration of 
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Selocide; (2) adjuvant, such as lime-sulfur, wettable sulfur, or oil; and 
(3) spreading and wetting agent. The data show that Selocide at 1:800 
is as effective as any of the higher concentrations that are practical to use. 
An adjuvant is essential for maximum efficiency, the most satisfactory 
ones apparently being lime-sulfur at 1:300, wettable sulfur at 1 to 2 
pounds per 100 gallons of spray mixture, light-medium mineral oil at 
1:300, and a combination of the oil and wettable sulfur. 

The Selocide-and-lime-sulfur or wettable-sulfur combination affords a 
high degree of kill of the mites contacted. It kills only a small percentage 
of the eggs; but a residuum is deposited on the tree that kills the young 
mites shortly after they are hatched, even during relatively low tempera¬ 
tures and under conditions when the residuum from a 2 per cent lime- 
sulfur spray or regular sulfur dust is ineffective. Definite information 
regarding the chemical nature of this residuum is not available. The use 
of either of these Selocide-sulfur combinations may not effect satisfac¬ 
tory control when rains follow the application within a period of several 
weeks and wash the residuum off the foliage and fruit, for under these 
conditions the mites that subsequently hatch survive. 

The Relocide-oil combination effects a high initial kill of the mites and 
eggs contacted; however, there is a])parently no residual effect from the 
use of this combination, and, therefore, unless the application is very 
thorough, the re.sults may not be satisfactory. A comparison of many 
parallel field experiments with the Sclocide-lime-sulfur and Selocide- 
wettable-sulfur combinations versus the Selocide-oil combination shows 
that the last-named has generally afforded a higher degree of control, 
although in certain exi)eriments the two sulfur combinations were su¬ 
perior. 

When it became evident that each combination possessed certain spe¬ 
cific merits, tests were conducted in which both lime-sulfur and oil, each 
at 1:300, and both wettable .sulfur at I pound per 100 gallons and oil at 
1:300, were combined with Selocide. Tree injury occurred under certain 
conditions with the Selocide-lime-sulfur-oil combination. However, the 
Selocide-wettable-sulfur-oil combination appears to be noninjurious to 
the tree and has afforded very effective control of the mite. A fairly large 
acreage has been treated commercially with this combination with satis¬ 
factory results. 

Several spreading and wetting agents, such as sodium caseinate, cal¬ 
cium caseinate, blood albumin, soaps, sulfonated plant oils, and sulfated 
higher alcohols have been used with Selocide in the several combinations. 
According to present information, sodium caseinate is the most practical 
spreading and wetting agent for use with Selocide. Blood albumin should 
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not be used on citrus in any Seloeide combination in which oil is in* 
eluded, since extensive tests have shown that serious staining or spotting 
of the fruit may occur from this combination of materials. 

In summing up the field studies with Seloeide on citrus, it may be said 
that this material, used according to the following formula, has given 
satisfactory control of the citrus red mite and is the one suggested for 
use where Seloeide is considered: 

Seloeide.1 pint 

Wettable sulfur.1 pound 

Light-medium oil^.% gallon 

Sodium caseinate.3 to 4 ounces 

Water.100 gallons 

The regular dusting sulfur may be used in the same amount and ren¬ 
dered wettable by mixing the caseinate with the dry sulfur in a large 
bucket and then adding water under pressure with the spray gun until 
the sulfur is suspended in the water. 

With regard to the choice of oil, the straight oil, as used in tank-mix, 
appears to have certain advantages over paste emulsions or emulsive oils, 
since both of the latter types of oils contain wetting and spreading agents 
which, when included with the caseinate regularly used with Seloeide, 
may possibly cause excessive runoff of the spray mixture. In commercial 
practice, however, the paste emulsions and emulsive oils are used with 
success. 

The order in which the several materials are put into the spray tank 
is of importance. The sulfur-casein, prepared as previously indicated, 
should be put into the tank first, when the water is about level with the 
agitator shaft. The Seloeide should be added next when the tank is about 
one-third filled, and the oil added last when the tank is about two-thirds 
filled. If paste emulsion or emulsive oil is used, the recommendations of 
the manufacturer should be followed with regard to when the oil is to 
be added; however, in all instances the sulfur should be put into the tank 
before the Seloeide. 

Other Mites and Insects on Citrus. —The Selocide-sulfur-oil combina¬ 
tion has afforded satisfactory control of the six-spotted mite, Tetranychus 
sexmaculatus Riley, on citrus. It has not been entirely satisfactory, how¬ 
ever, in the control of the silver or rust mite, Phyllocoptes oleivorus 
(Ashm.), which is of importance only sporadically in limited areas in 
San Diego County. Since this mite is readily and inexpensively con¬ 
trolled through applications of sulfur applied as a dust, Seloeide would 
not be considered in this connection unless the citrus red mite or the six- 

^Unsulfonatable residue 92 per cent; distillation range: 10 per cent at 687® F, 
60 per cent at 632® F, 90 per cent at 702® P. 
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spotted mite or both species were also present. Under such conditions, the 
silver mite could probably be satisfactorily controlled by increasing the 
amount of wettable sulfur from 1 pound to 4 or 6 pounds per 100 gallons 
in the Selocide>sulfur-oil combination. 

Selocide as used, either experimentally or commercially, has not been 
shown to possess measurable value in the control of any of the insect pests 
of citrus with the possible exception of the citrus thrips, Scirtothripa citri 
(Moult.). In this particular instance, those thrips that are contacted by 
the Selocide spray mixture are killed; and when either lime-sulfur or 
wettable sulfur is included in the spray mixture, the residuum is effective 
in destroying the newly hatched nymphs for a period of about 1 week 
following the treatment. The Selocide-sulfur-oil combination would prob¬ 
ably be of considerable value for the combined treatment of citrus red 
mite and the citrus thrips under certain conditions if the amount of wet¬ 
table sulfur were increased from 1 pound to 4 or 6 pounds per 100 
gallons, as recommended for the silver mite. 

Compatibility of Selocide with Other Materials Commonly Used in 
Sprays on Citrus. —Selocide may be used with nicotine sulfate for the 
combined control of the citrus aphids, Aphis spiraecola Patch, Aphis 
gossypii Glover, andToxoptera aurantii (B. d. Ponse) and several species 
of mites previously mentioned. 

Where zinc compounds are used for the correction of mottle-leaf or 
little-leaf (Parker, 1938) of citrus trees, either zinc oxide or zinc sulfide 
may be satisfactorily combined with Selocide in the spray mixture. How¬ 
ever, the zinc-sulfate-hydrated-lime mixture is incompatible with Selo¬ 
cide. 

Limitations to the Use of Selocide on Citrus. —The use of Selocide on 
Valencia oranges in the coastal sections of Los Angeles County and the 
northern fringe of Orange County is attended with considerable danger 
of injury to the fruit during the period from late winter until the mature 
fruits are harvested. In certain seasons in this particular area, a rind 
weakness develops which is apparently due to environmental conditions. 
When sulfur is applied, it commonly accentuates this condition, with the 
result that one or more spots may develop on a fruit. Affected fruits 
either drop before harvest or otherwise are marketed in the lower grades. 
The sulfur or other constituents of Selocide contribute to the incidence 
of this type of fruit spot when other environmental conditions are fa¬ 
vorable. 

In the Chula Vista area of San Diego County, the peel of lemons not 
uncommonly becomes stained in small areas, or spotted, after use of Selo¬ 
cide. Affected fruits do not color uniformly; and while their quality is 
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apparently not impaired otherwise, they are not marketable in the higher 
grades for this reason. In this particular area, the cause of the stain on 
the peel of the fruit appears to be related to the occurrence of relatively 
large amounts of certain salts commonly present in the water that is used 
for spraying. 

A type of stain on the peel of Navel oranges similar to that described 
above on lemons occasionally results from the application of Selocide. In 
the instances observed, however, the treatment was applied at the season 
when the fruit was “breaking color.” Through further studies, the causes 
of the stain on the peel of lemons and oranges may perhaps be deter¬ 
mined, and the difSculty may be prevented. 

When excessively high temperature conditions prevail within about 
10 days after Selocide treatment, some of the fruit that is exposed to the 
direct sunlight is commonly injured. The injury is typical of that due 
to high temperatures after the application of sulfur. 

Effect of Selocide on the General Vigor and Productiveness of Citrus 
Trees. —Thousands of acres of oranges and lemons have been treated 
with Selocide during the past five years at different seasons of the year 
and under widely varying conditions. A relatively large acreage has re¬ 
ceived as many as five treatments and a smaller acreage as many as seven 
or more treatments during that period. In no instance has there been any 
observable adverse effect upon the general vigor or prod\ietivne.ss of such 
treated trees, nor has there been observed any impairment in the texture 
or quality of the fruit other than the features previously* mentioned. 

Studies with Selocide on Persian Walnuts. —Selocide has been fairly 
extensively used experimentally and commercially on Persian walnuts 
in the control of the common red spider. One treatment annually of the 
material used according to the formula previously given for citrus has 
afforded entirely satisfactory control. While treatment for this mite is 
necessarily applied in midsummer in the hot interior valley areas, no 
evidence of injury due to the material has been observed. 

Effect of Selocide on Spraymen. —^Many spraymen have applied large 
volumes of Selocide spray mixture to citrus over relatively long continu¬ 
ous periods during several years without any observed deleterious effects 
to date upon their health and with no more personal discomfort than 
would be experienced through the application of light dosages of lime- 
sulfur spray. More than 40,000,000 gallons of Selocide spray have been 
applied in the United States, much of it indoors in greenhouses. Gnad- 
inger (1937) is authority for'the statement: “No workman engaged in 
the manufacture or packing of Selocide has experienced any illness or 
injury traceable to Selocide or remotely resembling selenium poisoning.” 
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SBLOCIDB AS A CONTROL FOR TUB PACIFIC 
RBD SPIDER ON GRAPES 

The Pacific red spider, Tetranychus pacificus McG., which has become a 
serious pest of grapes in the grape-growing areas of northern California, 
was first observed as a grape pest in 1928 in the San Joaquin Valley. 

The habits of this mite are such that a satisfactory control is very diffi¬ 
cult. In late summer and early fall, the adult females hibernate beneath 
the bark of the grapevines, where they may be found in groups of a few 
to several hundred. As many as 2,000 have been taken from the bark of 
a single vine, with a survival of 50 to 80 per cent the following spring. 
These overwintering females emerge in March and feed on the opening 
buds or may be found on various weeds, such as filaree, sheperd’s-purse, 
and malva. The appearance of the miles is influenced by weather condi¬ 
tions and during a (iool spring may be delayed for two to three weeks; 
thus the maximum infestation may be delayed until late summer. 

Each female dejmsits from 50 to 100 eggs over a period of 2 weeks to a 
month, and only 10 to 14 days are required for hatching and development 
of the mite under summer conditions, with the result that several gen¬ 
erations may be produced in a single season. The greatest populations 
occur in late July or August, when infestations ranging from 600 to 
1,400 mites per leaf have been observed on leaves showing severe mite 
injury. The rapidity with which these mites may multiply is indicated 
by the increase i>i the average number of Pacific, red spider per leaf from 
18.8 on June 12 to 343.7 on August 12. with a maximum of 1,458 on 
untreated vines; and from 0.2 on June 12 to 192.1 on August 12, with a 
maximum of 296 on treated vines. A large population of mites in com¬ 
bination with high temperatures and low humidity then produces severe 
vine injury by defoliation and reduces the quality of the crop by ex¬ 
posure to sunburn as well as by lowered sugar content. 

Early attempts to control this mite by means of the accepted methods 
of red-spider control resulted in a number of problems. Until about 1925, 
when highly refined mineral-oil sprays were developed for summer use, 
application of sulfur, in its various forms, was the recognized red-spider 
control. Sulfur dusts are ineffective in controlling the Pacific red spider, 
even though several applications are made in the same season. Lime-sul¬ 
fur and sulfur sprays, the chief control before the advent of summer oil 
sprays, were unsatisfactory due to the excessive injury to new grow’th 
in early summer and to the blotchy residue left on the fruit by later 
applications. Summer oil sprays, the method most widely used against 
red spiders on deciduous trees since 1925, gave excellent initial results 
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but did not prevent reinfestation by the few individuals escaping the 
treatment. These sprays also removed the bloom from the grapes and 
produced shiny, soft, flabby berries, and thiis reduced the quality and 
market value of the product. However, oil sprays can be used to reduce 
the infestation of new growth by the overwintering females before the 
blossoms appear. 

Selocide,* a spray material developed by Gnadinger (1933), while con¬ 
ducting experiments on the control of the common red spider, Tetrany- 
ehus telarius, in greenhouses, was used in 1932 (Lamiman, 1933) under 
field conditions. In these experiments, the Selocide concentrate, at a 
dilution of 1:800 (1 gallon to 800 gallons of water), with a cocoanut-oil 
soap spreader, was highly effective under field conditions, whereas a dilu¬ 
tion of 1:200 had previously been recommended for greenhouse condi¬ 
tions. As these applications were made in July, the 95-100 per cent 
control obtained on juice-grape varieties prevented serious reinfestation. 

In 1933 the experimental work was extended to include the Thompson 
Seedless variety, and applications were begun as soon as mite damage 
appeared in early June. Beinfestation of the vines became apparent after 
about 4 weeks, even though the initial kill was high; in many cases addi¬ 
tional applications were needed to prevent defoliation. 

During the same year, Gnadinger (1933) found that the effectiveness 
of the Selocide spray in the control of the citrus red mite was greatly 
increased by the addition of lime-sulfur (1:300) or a light medium min¬ 
eral oil (1:300). Since neither of these combinations could be applied on 
grapes, weltable sulftir* in varying amounts was added to the Selocide 
spray in 1934 and 1935. Beinfestation was greatly delayed, and where 
applications were made in late June or early July, the vines retained 
their foliage and matured the crop, although some mite damage occurred 
before the mites began to hibernate in August and September. 

The effectiveness of the various concentrations of Selocide without 
sulfur and of other materials is shown in table 1. While a dilution of 1:800 
gave satisfactory results under certain conditions, a 1:600 or 1:500 dilu¬ 
tion was more effective, especially on the Thompson Seedless variety with 
its denser foliage. Table 2 shows the results obtained by the addition of 
varying amounts of sulfur to the different dilutions of the Selocide spray. 
At the dilutions used, Selocide did not produce any injury to vines or 
fruit. 

The results shown in the tables were obtained by collecting leaves at 

• The effect of Selocide on sprajmen is discussed in the previous section, p. 122. 

* The wettable sulfur was prepared by adding either blood-albumin spreader or 
caseinate spreader to ordinary fine dusting sulfur ; the combination was then mixed 
into a paste and added to the spray tank. 
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random in the treated areas; from each group, 20 leaves were selected at 
random. On these leaves, five areas (each 5 sq. cm) were marked off with 
a circular rubber stamp. These areas were arbitrarily selected as being 
those most likely to be infested by the mites. Comparisons of the count 
areas with the remainder of the leaf showed that approximately one- 

TABLE 1 

COHPABISON BETWEEN SELOCIDE WITHOUT SULFUS AND OTHEB MATBBIALB 

FOB THE Control of Pacific Bed Spidek on Grapes 


Materials used 

Date of 
applica¬ 
tion 

Average population per leaf based on 
number in count areas 

Before 

treat¬ 

ment 

After 

3 

days 

.Aftei 

10 

days 

After 

30 

days 

After 

50 

days 

After 

70 

days 

Selocide 1:400+4 oz. blood>albuinin spreader* to 

/June 23 

31 

2 

1 

3 

30 


100 gals... . .... 

(July 7 

37 

2 

6 

21 

53 


Selocide 1.400+8 oz. Ortho casein and 4 oz. blood- 








albumin spreader to 100 gals.. 

July 30 

66 

32 


91 



Selocide 1:600+4 oz. blood-albumin spreader to 








100 gals. ... 

June 2 

69 

13 

3 

4 

20 

00 

Selocide 1:600+4 oz. blood-albumin spreader to 








100 gals. . 

July 7 

40 

4 

7 

33 

103 


Selocide 1:600+12 oz. Fluxitf to 100 gals. 

June 2 

69 

6 

2 

0 7 

14 

57 

Selocide 1:600+8 oz. blood-albuiriin spreader to 








100 gals. 

June20 

42 

2 

3 

31 



Selocide 1:600+8 oz. Ortho casein and 4 oz blood- 








albumin spreader to 100 gals. 

July 26 

91 

11 

41 

86 



Light-medium tank-mix oil i>pr cent . 

June 2 

69 

1 

4 

4 

30 



/.Tune 17 

43 

6 

7 

55 



Wettable sulfur 0 lbs. to 100 gala. 

\June 17 

38 

11 

15 

55 



Wettable sulfur lbs. to 100 gals. .. 

July 8 

37 

13 

19 

47 

78 


LetbaneS 420, 1:600 . ^ 

June 19 

45 

17 

30 

64 



Letliane 420,1 *300 

July 30 

27 

26 

35 




Ortho derris 4 lbs. to 100 gals. 

June 19 

36 

7 

20 

87 




/June 6t 

12 


33 

48 

98 


Untreated 

\june181 

32 


54 

71 




* A comineroial product containing 1 part powdered blood albuiiun (about 98 per cent water-soluble) 
and 3 parts fuller's earth. 

t A commercial product consisting chiefly of calcium caseinate plus excess lime. 
t First oouiita made. 

S A commercial organic thiocyanate. 

third of all the mites present occurred in the count areas, which repre¬ 
sented an average of 20 per cent of the leaf surface. This method made 
possible the examination of a greater number of leaves from each experi¬ 
mental area. 

The results of the tests described above may be summarized as follows: 
The Selocide—wettable-sulfur combination not only affords a high initial 
kill of the mites contacted, but it also has a lasting effect, for a residuum 
is apparently deposited which kills the young mites after they have 
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hatched out and the mites which were in the molting stage at the time of 
the application. At present, the only satisfactory summer control for the 
Pacific red spider on grapes is the use of this Selocide-wettahle-sulfur 
combination. However, oil sprays may be used in spring and early sum- 

TABLE 2 

Effect of Adding Varying Amounts of Sulfur to Sei^cide in the Control 
OF THE Pacific Bed Spider on Grapes 


Average population per leaf baeed on 
number in count areas 


Materials used 


Selocide l:400-h6H lbs. sulfur and 12 oz. Fluxitf 
to 100 gals. .... 

Selocide 1:400+2 lbs. sulfur and 6 oz. blood- 

albumin spreader* to 100 gals. 

Selocide 1 :fi00+2 lbs. sulfur and 8 oz. blood- 

albumin spreader to 100 gals. 

Selocide 1:600+2 lbs. sulfur and 6 oz- blood- 

albumin spreader to 100 gals. 

Selocide I:600+2H lbs. sulfur, 8 oz. Fluxit, and 4 
oz. blood-albumin stneader to 100 gals,. 

Selocide 1:600+6^^ lbs. sulfur and 8 oz. Fluxit to 

100 gals. 

Selocide 1:000+2 lbs. sulfur and 8 oz. blood- 
albumin spreader to 100 gals. 

Selocide 1:600+l lb. sulfur and 8 oz. blood- 
albumin spreader to 100 gals. ... 

Selocide 1:600+H lb. sulfur and 8 oz. blood- 

albumin spreader to 100 gals. 

Selocide l:800+6)^'j lbs. sulfur and 8 oz. Fluxit to 

100 gals.... . 

Selocide 1:800+5 lbs. sulfur, 4 oz. Fluxit, and 4 oz. 

blood-album in spreader to 100 gals. 

Selocide 1:800+2 lbs. sulfur and 8 oz. blood- 
albumin spieader to 100 gals. 

Selocide 1.800+1 lb. sulfui and 0 oz blood-albu¬ 
min spreader to 100 gals. 

Selocide 1:1,000+5 lbs. sulfui, 4 oz. Fluxit, and 4 
oz. blood-albumin spreader to 100 gals.... 


Date of 


applica¬ 

tion 

Before 

treat¬ 

ment 

After 

3 

days 

After 

10 

days 

After 

30 

days 

After 

50 

days 

After 

70 

days 

July 8 

37 

0 0 

0.0 

0 2 

0.8 


July 30 

67 

0 1 


0 1 



July 2 

34 

2 

0 2 

0 

24 


/July 14 

58 

0 6 

0 1 

3 



\ July 31 

31 

0 3 

1.0 

2 



July 24 

33 

0 1 


3 


j 

July 11 

42 

0.2 

0.9 

2 

21 

1 

fjune 3 

14 

1 0 

1 0 

1 0 

29 


\ June 20 

18 

0 1 

1 0 

1 0 

41 

85 

Juno 3 

It 

0 4 

2 

9 

54 


June 3 

13 

1.0 

2 

28 

64 


July 11 

50 


1 0 

2 

18 


July 12 

54 

1 0 

3 

4 

45 


July 18 

13 

1 0 

1 0 

1.0 

3 

29 

July 28 

33 

0 3 

2 

3 

9 

25 

July 12 

__ 

68 

2 

4 

26 

63 



* A commercial product containing 1 part powdered blood albumin (about 98 j)or cent water- 
soluble) and 3 parts fuller’s earth. 

t A commercial product consisting chiefly of calcium caseinate idus excess lime. 

mer against tlie overwintering adults on the new growth before the 
grapes develop. 

SELECTION OF SAMPLES AND METHODS OP ANALYSIS 
Collection of Samples .—Fruit and leaves were selected at random, with 
special care to disturb the surface as little as possible. They were placed 
in clean bags, packed in boxes, and taken or sent to the laboratory at once. 
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Selenium adheres well and it is felt that no serious losses occurred during 
the necessary handling. Pour to eight fruits were used for each analysis. 
Grape samples were composed of portions of several bunches from differ¬ 
ent vines whenever possible. 

Soil samples were taken by members of the Station staff at Riverside. 
In order to obtain data for extreme conditions, the samples were taken 
near the edge of the trees where drip of spray would be at a maximum. 
Separate samples were taken in each case at the depths of 0-6 inches, 
6-12 inches, 12-24 inches, and 24-36 inches. In most cases these were 
analyzed separately. 

Review of Methods of Selenium Analysis .—Many methods have been 
devised for the quantitative analysis for selenium. Those which appear 
to have been most successful are based upon the following properties 
of the element: (a) Se*® boiled with 3 to 12 iV HCl is reduced to Se** 
(Norris and Fay, 1896, Noyes and Bray, 1907); (b) Se*® in the same hot 
acid solution is reduced to free selenium by SO^, hydrazine, hydroxyla- 
mine, etc.; (c) metallic selenium reacts with strong nitric acid to give 
only selenious acid (Lyons and Shinn, 1902); (d) selenious acid reacts 
with iodide to liberate free iodine, w'hich can be estimated with standard 
thiosulfate solution. For large amounts, the weighing of free selenium 
liberated as in b, is undoubtedly subject to least objection, but gravimet¬ 
ric methods are not possible with the amounts found in a reasonable 
sample of most plants or soils. The method used for many analyses in 
the United States Department of Agriculture Bureau of Chemistry and 
Soils (Williams, 1937) depends upon the color developed when free 
selenium is liberated under such conditions that it forms a comparatively 
stable suspension. In the present work, fair success was had with this 
method, but the tendency of the suspended material to assume any color 
from pink through brown to black made comparison with a standard very 
uncertain. Addition of gum arabic (Association of Official Agricultural 
Chemists, 1935) made no decided improvement. Other w'orkers have had 
the same kind of difficulties (Mathews, Curl, and Osborn, 1937). 

Preliminary experiments indicated tliat the reaction, ll 2 SeOs + 4K‘^ 
-)-41~ + 4II^-» Se f 2 Ij + SII^O 4 4Iv^, with consequent titration of the free 
iodine with standard thiosulfate, is stiitable for the iodometric determi¬ 
nation of small amounts of selenium. This method was criticized by Gooch 
and Reynolds (1895), who were unable to get complete reduction in the 
cold. However, Norton (1899) showed that a large excess of iodide in ap¬ 
proximately 0.5 N hydrochloric acid gave excellent results except with 
large amounts of selenium. Recently, Berg and Teitelbaum (1928) raised 
two more objections: (1) the liberated iodine is absorbed by the colloidal 
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seleniiim and does not react quantitatively with thiosulfate, and (2) the 
end point is obscured by the color of the colloidal selenium. These com¬ 
plications are serious when selenium is present in amoimts of SOOy (0.5 
mg) or over; but with 200y (0.2 mg) of selenium or less, no serious diffi¬ 
culties have been encountered in several hundred titrations, though the 
end point is decidedly different from that of an ordinary iodometric 
titration. 

Tests of Analytical Methods with Pure Selenium Compounds. —Sele¬ 
nium dioxide was prepared by treating black selenium with concentrated 
nitric acid, warming gently to remove most of the excess acid, and then 
cautiously subliming onto the bottom of a cold porcelain evaporating 
dish. The first crop of crystals was treated with a drop of nitric acid and 
resublimed. The final product consisted of snow-white needles which were 
somewhat hygroscopic. A stock 0.1 M solution of selenious acid was pre¬ 
pared gravimetrieally and diluted to 0.010 or 0.001 M as required. The 
reagents used were all of C.P. grade. 

The purity of the contents of a stock bottle of sodium thiosulfate 
crystals was determined by numerous titrations against a standardized 
diehromate solution. The results were almost theoretical. Hence, for rou¬ 
tine work, 0.05 M thiosulfate solutions were made at frequent intervals 
by weighing out the crystals, adding to freshly distilled water, and there¬ 
after protecting from light and air. Bach morning a fresh 0.001 M thio¬ 
sulfate solution was prepared by dilution. 

The usual precautions were taken to ensure that the potassium iodide 
did not liberate free iodine when put into solution. From a bottle of satis¬ 
factory crystals, a small volume of 25 per cent solution was made each 
morning. A small pinch of sodium bicarbonate was used to stabilize the 
solution, which also w'as protected from strong light. 

The acid needed in the reaction proved to be the principal source of 
trouble. With high-grade hydrochloric or sulfuric acid at approximately 
1 N concentration, no difficulty w’as encountered in securing zero blanks 
or stoichiometric reactions for a wide variation in the amount of sele¬ 
nium. However, the reaction had to proceed in the presence of nitric acid 
because that compound is the most convenient for oxidizing free selenium 
(formed as in step 6, p. 127) to the tetravalent form. Two separate con¬ 
siderations are involved; (1) the strength of acid needed to enable the 
reaction between selenite and iodide to proceed at a satisfactory rate, 
and (2) the strength of nitric acid which can be tolerated by the excess 
iodide ion. These had to be studied together, for it was possible that the 
colloidal selenium produced in the first reaction had an effect upon the 
second one. Complete expulsion of the excess nitric acid by repeated 
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evaporation to dryness on a water bath, as suggested by Beath, Eppson, 
and Gilbert (1935), was tried; but in some cases loss of selenium occurred. 

It is well known that the lower oxides of nitrogen react with iodide ion. 
Hence, care must be taken to ensure their absence. For micro-iodometric 
analysis, the color of nitric acid is not a safe guide. It has been found that 
vigorous aeration for 1 hour of any high-grade nitric acid except very 
brown lots suffices to remove the offending compounds. The distilled 
water used must be of high quality. A blank containing nitric acid, 
iodide, and starch should be tried each day in order to check the condition 
of the acid and of the water. 

The most suitable amount of nitric acid for the iodometric determina¬ 
tion of selenite was determined by adding 1.000 cc of 0.001 M selenious 
acid solution (79.2ySe) to the indicated volumes of concentrated nitric 
acid in a small Brlenmeyer flask and adjusting the volume to 10 cc; 
0.25 cc of 25 per cent potassium iodide solution was added; and the flask 
was stoppered and allowed to stand for 5 minutes. The liberated iodine 
was then titrated with standard 0.001 M sodium thiosulfate solution. 
Starch solution was used in the ordinary way. After titration, the solu¬ 
tions were set aside and retitrated 10 minutes after introduction of the 
iodide. The titrations of the solutions containing the different volumes of 
nitric acid were as follows: 


Thiosulfate solution, in co 
Nitric acid, in cc 5 minutes 10 minutes 

0.05. 0.600 0.740 

0.10. .0.680 0.950 

0.20. 2.447 2.780 

0.40.3.700 3.850 

0.60. 4.020 4.078 

0.80.4.000 4.175 

1.00.4.191 4.222 

1.40.4.232 4.312 

1.60.4.380 4.445 


The results show that 0.60 to 0.80 cc nitric acid give satisfactory re¬ 
sults for the titration at 5 minutes and no serious error after 10 minutes. 
The theoretical volume of thiosulfate solution is 4.000 cc. 

Since concentrated nitric acid is approximately 15 N, the desired con¬ 
centration in the reaction vessel (0.60 to 0.80 cc in 10 cc) is about 0.9 to 
1.2 N. Concentrations of nitric acid much higher than this slowly liberate 
free iodine from the excess iodide, as is shown by the data above. 

The accuracy to be expected from the direct titration of varying 
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amounts of selenium was determined by titrating known amounts of 
selenious acid solution. The average results were; 


Se added, y 

6e found, y 

4 

5 

7.9 

8.4 

15.8 

16.9 

31.6 

33.8 

47.5 

49.8 

63.3 

66.1 

79.2 

82.0 

158.4 

16] 

237.6 

241 


With the proper conditions ascertained for the iodometric determina¬ 
tion of soluble tetravalent selenium, the next step was to study the con¬ 
ditions necessary for the quantitative reduction of selenite, separation of 
the free element, and its reoxidation to the tetravalent state. Noyes and 
Bray (1927, p. 323) suggested the reduction of Se‘* by hydroxyl amine- 
hydrochloride in approximately 5 N hydrobromic acid solution at steam- 
bath temperature. Preliminary experiments with selenious acid showed 
the same conditions to be satisfactory when hydrochloric attid was substi¬ 
tuted for the hydrobromic. The characteristic brick-red precipitate is 
obtained except with very small amounts of selenium or when interfering 
substances are present. However, the change to the comi)act black form 
may occur very rapidly, so that the color is not a sure indication of the 
true conditions. The procedure adopted after many tests was: The solu¬ 
tion, held in a 25 X 150 mm test tube, is made 4-6 N with hydrochloric 
acid in a total volume of 15-20 cc. It is placed in a boiling water bath. 
When it is hot, 2 cc hydroxylamine hydrochloride solution are added. 
Heating is continued for 1 hour with the addition of 1 cc more of the 
hydroxylamine solution. Centrifuging is done either at once or later. 
Addition of a very little finely divided asbestos aids in collecting the pre¬ 
cipitate. If the asbestos is a thoroughly washed high-quality product, it 
does not affect the subsequent titration. 

For the separation of the selenium from the liquid, two types of stick 
filter have been used with equal satisfaction. The first consisted of a 
capillary tube, the bore of which was slightly enlarged at the lower end. 
This swelling was filled with finely divided asbestos pulp. When con¬ 
nected with a suction, the asbestos became very tightly packed but still 
allowed liquid to pass wuth reasonable speed, 0.5 to 1.0 cc a minute. The 
other filter had a larger opening at one end which was filled with finely 
ground glass sintered in place. When a very thin pad of asbestos was 
pulled over this by suction, rapid filtering was possible without loss of 
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selenium. During the process of Altering, the inside of the test tube should 
be washed down several times with water, so that eventually all soluble 
materials are removed and the selenium is left with practically no water. 

To oxidize the selenium, 0.8 ee of concentrated nitric acid is carefully 
run down the inside of the test tube and the outside of the stick Alter. The 
tube is then placed in a steam bath for about 5 minutes and is turned 
about until the hot acid has had an opportunity to dissolve all the sele¬ 
nium present. The Alter stick is put into a 125-cc Erleumeyer Aask and 
washed inside and out with water. It is then laid aside, and the contents 
of the test tube are washed quantitatively into the Aask. With the total 
volume of liquid about 10 ce, the Aask is placed on a sand bath and heated 
just to boiling. Spattering must be avoided. Vapors are removed by blow¬ 
ing out the Aask two or three times wdth the breath. The Aask is then 
cooled in running tap water, the contents adjusted to approximately 
10 cc, and a stream of nitrogen or carbon dioxide is bubbled through for 
5 minutes; 0.25 cc of 25 per cent potassium iodide solution is next added, 
and the stoppered Aask is allowed to stand for 5 minutes. Titration is then 
made with 0.001 M sodium thiosulfate solution and 1 per cent starch 
solution. 

The \ise of a very little asbestos to aid in collecting the selenium and 
in Altering out the liquid does not interfere with the titration; larger 
amounts obscure the end point. The color change involved in the titration 
is somewhat different from that of an ordinary iodometric determination, 
for the liberated selenium gives a golden color to the solution which is 
largely obscured by the iodine but becomes evident just at the end point. 
The reason for heating the solution to boiling, blowing out vapors, and 
Aushing with an inert gas is chieAy to remove the reduction products of 
nitric acid, which react with iodide ion. Replacement of the air in and 
above the liquid is advisable also because the liberation of iodine by 
oxygen is thereby minimized. When the above process is carried out care¬ 
fully, the amount of nitric acid Anally left is approximately 0.6 cc, which, 
as shown earlier, is suitable for the reduction of selenite and titration of 
the liberated iodine. 

The results of many experiments with different amounts of selenium 
carried through the processes of precipitation, reoxidation, and titration 
are summarized as follows: 


Se found, y 

Se added, y Range Average 

19.8. 19.0-20.0 19.5 

29.6. 38.2-41.8 39.5 

79.2. 70.6-78.5 76.7 

158.4...152 -157 154.6 
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Recovery was satisfactory over the range studied, which covered nearly 
all of the subsequent analyses on fruit and soils. 

Analysis for Selenium in Plant Material .—^Before the accuracy of re¬ 
covery of selenium added to fruit could be studied, it was necessary to 
decide upon a method for destroying the organic matter contained in the 
skin and pulp of the fruits concerned without loss of selenium. The nu¬ 
merous methods which have been described for wet (Robinson et al., 1934; 
Williams and Lakin, 1935) or dry (Mathews, Curl, and Osborn, 1937) 
combustion of plant material are time-consuming and are not without 
objection when selenium is to be determined quantitatively, for the free 
element and several of its compounds are readily volatilized. In an effort 
to prevent such loss, attention was directed to the simplified Earns (1932) 
apparatus devised by von Kolnitz and Remington (1933). In this, within a 
closed system, a cartridge of the dried vegetable material is thrust slowly 
into an oxygen flame and the products of combustion are absorbed in a 
train of wash bottles. This proved so successful that most of the ma¬ 
terials reported on below were burned by that procedure. Two 1% x 8 
inch washing tubes containing about 4 inches of distilled water above 
coarse Pyrex sintered glass filters fused in near the bottom were used to 
catch the products of combustion. Tests proved that most of the selenium 
was trapped in the first tube and that none escaped the second. 

Charring and volatilization of carbohydrates before they reached the 
flame was a source of trouble with materials such as raisins. In seeking 
to obviate this condition, a method of dropping separate pellets of the 
material to be burned into a combustion dish was devised. It proved to 
be so successful that the first method was abandoned completely. The 
improved apparatus is shown in figure 1. 

Fruit was divided as necessary, weighed, cut into thin slices, and dried 
in deep porcelain dishes on a water bath until most of the moisture was 
gone. The time required varied greatly, but 6 to 12 hours sufficed for most 
materials. Drying was then completed by placing the sample in a vacuum 
oven at 80°-90® C for a few hours. Nonhygroscopic material was then 
ground through a meat grinder with the fine disk attached and pellets 
weighing about 1 gram each were wrapped in onionskin paper. Ripe 
grapes absorb moisture from ordinary air with great rapidity and be¬ 
come sticky to handle. This may be avoided by grinding and wrapping 
in a coldroom in which the humidity is low. 

The process of burning dried material is described best with reference 
to figure 1, which shows the main parts of the apparatus. A first pellet is 
placed in the combustion dish A, and a tail of the wrapping paper is 
ignited. Chamber C, with more pellets in the side arm, is placed in posi- 



Nov., 1938] SoiMn»-Boge&-Lamimo»: Selenium Sprays for Red Mites 183 

tion aad tiie oxygen flow and suction are started. These must be so regu¬ 
lated that combustion is clean, no gas escapes through the water seal K, 
and frothing does not become excessive in the absorbers L and L'. A flow¬ 
meter in the oxygen inlet tube is very useful. Each pellet should be 
burned to a white ash before the next one is introduced. This is done by 



Fig. 1.—Apparatus for combustion of samples: A, combustion dish; B, ring burner 
made of Pyrex glass; C, combustion chamber; V, side arm; E, cartridge holder; F, 
rod; G, tube for introduction of oxygen; 11, flowmeter; 1, tubes for circulating 
water through outer jacket, J ; K, water seal; L, L', absorbers; M, M’, traps; P, pellet 
in holder. 

pushing in the rod F until the next pellet drops into the dish. If one load¬ 
ing of the side arm is not sufficient, more pellets may be placed in it by 
withdrawing rod F. The temperature of the dish remains high enough for 
some time to ignite the next pellet. Excessive heating of the water seal 
and of the inlet and outlet tubes is avoided by maintaining a continuous 
flow of tap water through the cooling jacket J, which is simply the upper 
part of a large acid bottle. 

The success of a combustion is indicated by the color of the interior of 
the flask and of the water in the absorbers. If these remain relatively 
colorless, the organic matter is nearly all oxidized. On the other hand, 
much tarry or resinous matter will prevent the successful isolation of 
selenium. 
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When a burning is ended, the combustion chamber is allowed to cool 
while the contents of the absorbers are washed into a 250-cc distillation 
flask which connects by means of a ground-glass joint to a condenser. The 
inside of the combustion chamber C is rinsed with a small amount of hot 
nitric acid, then by distilled water, the combustion dish is dropped into 
the distillation flask, any ash which adheres to the inlet or outlet tubes 
is scraped into the water seal, and the tubes are washed with a very small 
quantity of hot nitric acid to dissolve any selenium on them. Lastly, the 

TABLE 3 

Becoveey op Selenium Added to Plant Material 


Soloniuin added 

Plant material 

Selenium 

Per cent 

Amount 

Form 


found 

recovery 

y 

25 

Selocide 

Grapes .. 

y 

23 

prr cent 

92 

25 

Selocide 

Grapes ... 

22 

88 

32 

Selenite 

Citrus pulp... 

26 

81 

55 

Selocide 

Citrus rind. 

58 

105 

60 

Selenite 

Citrus pulp 

57 

95 

62 

Selenite 

Grapes 

45 

73 

04 

Selocide 

Citrus rind 

57 

89 

65 

Selenite 

Grapes . . 

52 

80 

66 

Selocide 

Citrus pulp . 

67 

86 

72 

Selenite 

Citrus rind 

61 

85 

76 

Selenite 

Citrus rind 

78 

103 

79 

Selenite 

Grapes . 

69 

87 

79 

Selenite 

Barley straw. 

77 

97 

82 

Selenite 

Grapes .... 

71 

87 

82 

Selenite 

Citrus pulp 

85 

104 

158 

Selenite 

Citi us pulp 

146 

92 


water seal with everything which has fallen into it is transferred to the 
distillation flask. A little hydrobromic acid is added first to destroy the 
excess nitric acid. Then bromine and hydrobromic acid are added, and 
the selenium is distilled as in the method of Robinson et al. (1934). The 
distillate is treated with sulfur dioxide and hydroxylamine hydrochlo¬ 
ride to precipitate the selenium. The rest of the process is as described for 
the precipitation, reoxidation, and titration of pure selenite solutions. 

The results obtained in sixteen runs with varying amounts of selenium 
added to different plant materials are shown in table 3. The recovery with 
grapes (average 84.5 per cent) was distinctly lower than with citrus 
(average 94.5 per cent). This is due at least in part to the fact that this 
portion of the work with grapes was done before the improved method of 
combustion was used, and in several cases combustion was very poor. 
While, on the basis of these results, correction factors might be applied 
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to the analyses of material from the field, they would have no effect what¬ 
soever upon the significance of the results and hence are not used. Data in 
the subsequent tables often is given to two decimal places as calculated 
from the titration figures. This undoubtedly exceeds the accuracy of the 
results, but it is felt that they are known to the first decimal. 

Through the courtesy of 11. G. Byers, a sample of narrow-leaf milk 
vetch, Astragulus pectinaius, from Kansas, was secured. The average 
selenium content from several closely agreeing analyses was found to be 
1,407 p.p.m. Byers (1936) has reported this sample to contain 1,750 
p.p.m. Se. The finely ground sample had a very strong repulsive odor, 
which is characteristic of plant materials that lose a volatile selenium 
compound when dried (Beath, Eppson, and Gilbert, 1937); and since 
about a year elapsed between analyses in the two laboratories, a decrease 
in selenium content would be expected. The good agreement of the re¬ 
peated analyses in the present W'ork is an indication that the method is 
applicable to highly seleniferous plant material. 

Analysis for Selenium in Soil .—For the separation of selenium from 
soils, the bromine-hydrogen bromide distillation method of Robinson 
et al. (1934) was u.sed. Since this is a recognized method, only a few tests 
with known amounts of added selenium were made to ensure that the 
technique w'as correct. The distillate which contained selenium as sele- 
nious bromide was put into a boiling water bath, saturated with sulfur 
dioxide, and treated with hydroxylamiue hydrochloride. The separation 
of the free selenium and its reoxidation and titration were carried out as 
described earlier. 
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SELENIUM IN AND UPON GEAPES AND CITRUS 
0rapes .—^Numerous sprays containing Selocide were applied to grape 
vines during the months of May, June, and July. Fruit was harvested in 
September and analyzed for selenium content. The results indicated that 
considerable variation occurred in the distribution of selenium. The fol¬ 
lowing data cover the more important spray mixtures used. All results in 
this section are expressed in terms of fresh weight. 


Treatment 

Selooide 1:400 + 4 oz. blood-albumin spreader 

to 100 gals. 

Selocide 1:600 + 4 oz. blood-albumin spreader 

to 100 gals. 

Selocide 1:400 -f- 8 oz. Fluzit to 100 gals. 

Selocide 1; 600 -f- 8 oz. Fluzit to 100 gals. 

Selocide 1:600 -f- liquid soap 1; 400. 

Selocide 1:800 + tank-miz oil 1:400. 

Selocide 1: 800 -f 4 oz. Fluzit, 4 oz. blood-albumin 

spreader, and 5 lbs. sulfur to 100 gals. 

Selocide 1:100 -4- 4 oz. Fluzit, 4 oz. blood-albumin 
spreader, and 5 lbs. sulfur to 100 gals. 


None, 


Date of 
sprayinir 

(A'j 

'June 9 

0.5 

; July? 

2.5 

i^June 23 

0.3 

July 7 

1.8 

July? 

0.7 

July 7 

0.7 

June 23 

0.8 

May 22 

1.0 

July 12 

0.5 

July 12 

0.4 


0.11 


0.08 


0.20 


0.06 


Av. 0.11 


The different wetting powers of the sprays and the varying stability of 
Selocide in them make impossible any close correlation between concen¬ 
tration of selenium in the sprays and the amounts left upon the grapes. 
However, it appears that a considerable deposit resulted from the more 
concentrated sprays and that early applications left but little selenium, 
probably because both fruit growth and loss by weathering are marked 
in the early part of the season. 

A few preliminary experiments were carried out to test the absorption 
by grapes of selenium applied to the soil. In each of these tests, on March 
15, 2 gallons of solution containing the specified amount of a selenium 
preparation were poured about a vine over a circle of about 3-foot radius. 
All fruit was picked for analysis on July 24. The results showed that 
the grapes from vines treated with 1 pint Selocide (23.6 grams Se) or with 
36.7 grams of sodium selenite (17.6 grams Se) contained 0.05 p.p.m. Se, 
which was the same as that in grapes from an untreated vine. The appli¬ 
cation of 5 pints of Selocide (118.2 grams Se) resulted in the occurrence 
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of 0.16 p.p.m. Se in the fruit. Evidently no marked absorption occurred 
during the interval March IS to July 24. 

Citrus .—Selocide sprays have been applied at intervals to certain 
areas of orange and lemon groves since 1932. During the spring and 
summer of 1935, samples of fruit from several of these groves were 
analyzed for selenium content. The results are given in table 4. 

In an attempt to determine if selenium is absorbed from the soil after 
large amounts of Selocide have been applied to the ground about lemon 
trees, 520 cc of Selocide in 22 gallons of water were applied to a depth of 
18 inches in a 12-foot square on September 3,1933. This amounted to 3 
p.p.m. Se in the first 18 inches of soil. Fruit picked on March 10,1935, 
contained 0.02 p.p.m. Se in the rind and none in the pulp. A similar 
treatment, except that 1,732 cc Selocide were used in 34 gallons of water 
(10 p.p.m. Se in the soil) resulted in the following amounts of selenium 
in the fruit picked March 10,1935: rind, 0.31 p.p.m.; pulp, 0.05 p.p.m. 
Fruit from an untreated tree in the same grove had 0.07 p.p.m. Se in the 
rind and none in the pulp, and that from another untreated tree: rind, 
0.06 p.p.m.; pulp, 0.03 p.p.m. Se. 

Effects of Several Years’ Spraying upon Selenium Content of Soil and 
Fruit .—The data given in the two preceding sections indicated that but 
little selenium occurs in citrus fruit or grapes as the result of ordinary 
spraying with Selocide over short periods. Since the material had been 
applied to certain groves and vineyards for several years, both soil and 
fruit from these localities were analyzed to obtain information on the 
distribution of selenium in the soil and its absorption into fruit. 

During the summer of 1937, fruit and soil samples were taken from 
eight citrus groves which had been sprayed to varying extents with Selo- 
eide. Similar samples were taken from other parts of the same or neigh¬ 
boring groves which never had been treated with selenium. In each case, 
the corresponding samples were from localities of the same soil type and 
treated by the same irrigation and other cultural practices. The exterior 
of each fruit used for analysis was washed in nitric acid to remove any 
adhering selenium. A preliminary account of the analytical results has 
already been published (Hoskins, 1938). The complete data are given in 
table 5. 

The soils were classified by M. E. Huberty, Associate Irrigation Engi¬ 
neer in the Experiment Station. Additional information concerning their 
origin has been furnished by C. F. Shaw, Soil Technologist in the Experi¬ 
ment Station, Berkeley, as follows: 

The Altamont soils were formed by the weathering in place of marine sandstones 
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Selenium Occurring in and upon Citrus as a Besult of Spraying with Selocide 
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Selocide 1 per cent oil Dec. 9.1934 4 months, red Se visible on lower surface 0 83 | 0 02 I 0.46 
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TABLE 5 

Besults op Analysis op Feuit and Soil prom Citrus Groves, 1937 





HH Valencia orange* Yolo loam None Composite, 0 31 


Hilgardia 
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and shale rocks, in this case of marine origin, which have not been leached to any 
great extent. 

The Hanford soils were derived from stream deposits on alluvial fans and have 
their origin from granitic rocks. 

The Yolo soils were formed from stream deposits on alluvial fans and flood plains 
and are derived from a variety of sandstones and shales which are mainly of marine 
origin. 

The results with Tliompson Seedless grapes are given in table 6. 


TABLE 6 

Results of Analysis of Fruit and Soil*^ from Vineyards, 1937 






Se in soil 

Se in grapes (ripe) 

Plot 


Application of Selocido 

0-6 

inches 

6-12 

inchcis 

12-24 

inches 

24-36 

inches 

Un¬ 

washed 

Washed 





p.p.m. 

p p.m. 

p.p.m. 

ppm. 

p.p.m 

p.p.m 

1 


None 


0.32 

0 25 

0 24 

0 23 

r 011 

1 0 00 




' 1933,1:400 1 
1034.1:400 






/ 1 sot 
\ 0 80 


2 


1935. 1:600 

1936. 1:600 

1937. 1-600 j 


1 00 

0 49 

0 41 

0 33 

0 67 




' 1933. 1:400 ' 
1934, 1.400 






r 0 HI 


3 


1935, 1:600 

1936, 1:600 

1937, 1:600. 


1.51 

0 63 

0 61 

0 30 

\ 0 65 

0 26 

4 


f 1933, 1.400 1 
i 1934, 1 400 / 





0 14 


5 


r 1935, 1:600 1 
[ 1936, 1-400 / 


i 



0 23 



* These soils were all clay loams, but the particular types have not been ilotormined as yet. 
t The wide variation between these two figures is an indication of unevenness in application of the 
spray. Free Heleniuiii could be seen upon the grapes which had the largei lesidue. 


THE NATURAL OCCURRENCE OF SELENIUM 
The results reported for citrus and grapes in Ihe foregoing section indi¬ 
cate that the amounts occurring in or upon these products as the result 
of the proper use of Selocide are a few hundredths of a part per million 
in most cases. While this may be taken as an indication that a hazard 
either to the plants or to animals or humans is not likely to result from 
the use of this spray material, an examination of the available informa¬ 
tion on the natural exposiire of plant and animal life to seleiiium and 
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its effects thereon is advisable before conclusions are drawn. In the fol¬ 
lowing sections, published data are collected and certain experimental 
results of the present investigation are mentioned. 

Abundance of Selenium .—Although selenium is ordinarily considered 
to be a comparatively rare element, it ranks about fiftieth in abundance 
among the elements making up the crust of the earth (Noddack and Nod- 
dack, 1930,1934) and is more abundant than iodine and nearly as com¬ 
mon as arsenic. Its close association with sulfur is indicated by the fact 
that it was first found in the flue dust of a sulfuric acid plant. Chemically, 
selenium and sulfur are much alike, and they form analogous series of 
compounds. According to Goldschmidt and Ilefter (1933), sulfur is oxi¬ 
dized somewhat more readily than selenium, so that in the course of 
geologic time, a larger fraction of the selenium tend.s to remain in place 
as the free element, whereas sulfur is oxidized to soluble form and re¬ 
moved. This condition, together with the strong adsorption of selenium 
by hydrated iron oxide (Goldschmidt and Strock, 1935), largely explains 
the changes from the original selenium: sulfur ratio which have come 
about in various parts of the earth’s crust. 

Selenium in Soils .—Selenium has been found to occur in practically 
all soils which have been examined for its presence. The concentration 
varies widely but may be correlated in a general way with the geological 
origin of the various soils (Byers, 1935; Strock, 1935). Thus, that from 
sedimentary deposits contains most of the selenium which has been car¬ 
ried into the sea by rivers. Ocean water is low in selenium content—for 
example, 0.004 p.p.m. near Helgoland—and the Se:S ratio in salt deposits 
from ancient seas is low (Goldschmidt and Ilefter, 1933). 

An examination of Hawaiian soils led Byers, Williams, and Lakin 
(1936) to the conclusion that the selenium therein was of volcanic origin. 
They suggested that the original source of selenium now occurring in 
many sedimentary formations in the central United States was volcanic 
gases and dtist from the numerous volcanoes of the Upper Cretaceous 
period. After entering the oceans, which at that time covered most of the 
present area of this country, the selenium was soon combined with iron 
compounds and carried to the bottom. The various sedimentary layers 
differ in their content of selenium according to the volcanic activity at 
the time of their deposition. That known as the Pierre shale, which ex¬ 
tends over parts of nearly a dozen states in the Midwest and Rocky Moun¬ 
tain region, is exceptionally rich in this element. 

In soils from magmatic rocks, the selenium is due mainly to that which 
was originally associated with the metallic sulfides. Beath, Gilbert, and 
Eppson (1937) have suggested that intrusions of such materials may 
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account for the selenium now present iu the sedimentary rocks and their 
derived soils in Wyoming. 

A further factor influencing the distribution of selenium is the dis* 
solving of its compounds in underground waters and parage as solutes 
to locations favorable for reprecipitation. 

The net result of all these processes is that the distribution of selenium 
is world-wide but very far from uniform. The free element is very in¬ 
soluble, but at least the red allotropic form is converted in the presence 
of water and mild oxidizing agents into soluble combined states (Mon- 
tignie, 1934; Calcagni, 1935); and also, certain bacteria are able to effect 
the oxidation of the free element (Lipman and Waksman, 1923). 

The compounds of selenium are, on the whole, at least as soluble as 
those of sulfur, and leaching by either naturally or artificially applied 
water may be expected to reduce the selenium content of a soil provided 
the drainage is such that percolation of water through the soil occurs 
readily. This effect will not necessarily be shown immediately but regions 
of habitually plentiful rainfall or long-continued heavy irrigation must 
eventually come to the condition of minimum soluble selenium and 
usually low total selenium in the soil. This is partic\ilarly true of sandy 
soils, less so with heavy clays through which water moves with difficulty. 
The Belle Fourche Irrigation Project in South Dakota has been cited by 
Byers (1935) as an example of the effect of irrigation for twenty-five 
years. In this area, the selenium content of the soils is only a little less 
than that in neighboring unirrigated districts, but that of the vegetation 
was uniformly low. 

The forms in which selenium occurs in the soil have not been inves¬ 
tigated with thoroughness, but they may be divided in general into 
organic and inorganic. On account of the completeness with which hy¬ 
drated iron oxide removes selenium from solution, one may reasonably 
suppose that some of it is present as a very insoluble iron selenide or basic 
selenite (Williams and Byers, 1936). The more soluble inorganic portion 
may be present as calcium selenite or selenate. Electrodialysis experi¬ 
ments (Pranke and Painter, 1937) have shoAvn that selenium added to 
soil as sodium selenite in large part became nondialyzable. Previous de¬ 
struction of the organic matter in the soil by heating to 500° C did not 
prevent binding of added selenium. Selenate is much less easily fixed by 
the soil. The probable nature of the organic compounds of selenium and 
their special significance with regard to plant absorption will be consid¬ 
ered later. 

Only very fragmentary data are available regarding the selenium con¬ 
tent of soils in various parts of the world, and, in fact, only in the United 
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States has a start been made toward a survey of the situation. The results 
summarized by Byers (1935,1936) show that selenium occurs in South 
Dakota, Nebraska, Kansas, Oklahoma, Montana, Wyoming, Colorado, 
Utah, New Mexico, Arizona, and the Hawaiian Islands. In South Dakota 
every sample taken in an area of about 500,000 acres contained selenixun 
in amounts varying from a trace to 40 p.p.m. The highest selenium con¬ 
tent so far reported for a soil in the United States (Logan County, Kan¬ 
sas) is 82 p.p.m., but only 10 feet away it was but 16 p.p.m. Such varia- 


TABLE 7 

Selenium Content or Soils at Various Depths 




Niobrara clay linie* 

Selenium m 


Depth 

Selenium in 
Horizon A 

Selenium in 
Horizon B 

“poiMon area" 
in Colorado t 

0-12 

tnvhes 

p.p.m 

6.0 

p.p.m. 

1 0 

p.p m. 

1 4 

12-24. 


1 0 

0 7 

1 1 

24-86,. . 


0.8 

0.6 

2 6 

36-18 .. 


1.0 

0 5 

6.4 

48-60 


0.8 

0 5 

17 8 

60-72 


0.8 

0.7 

4 7 


* From Byers (1936), p. 39. 
t From Death, Eppson, and Gilbert (1937). 


tious occur not only from point to point but in profiles. Thus Niobrara 
clay lime in Kansas and a known “poison area” in Colorado showed con¬ 
siderable variation of selenium with depth (table 7). 

A few data for Hawaiian soils are particularly interesting because 
they range in selenium content from 0.4 p.p.m. to 26.0 p.p.m. with no 
decrease in the regions in which there are as much as 120 inches of rain 
yearly (Byers, Williams, and Lakin, 1936). The explanation offered for 
this absence of leaching is that the soils contain much iron, and hence the 
selenium probably is held in an insoluble complex combination. The idea 
that selenium wUl be low in regions having 20 inches or more of rain 
(Wilcox, 1935) is thus shown not to be applicable everywhere, but it is 
true that abundant rainfall leads to low amounts of available selenium. 

Selenium in Water .—^An indication of the effect of increased drainage 
in removing soluble selenium from the soil is given by the analysis of 
certain drainage waters of the Belle Fourche Irrigation Project (Byers, 
1935). The water from a tile drain installed in 1916 and in use ever since 
contained 0.08 p.p.m. Se, whereas that in a drain installed in 1933 for the 
purpose of improving the movement of water from a certain area con¬ 
tained 1.2 p.p.m. Further illustration of the effect of irrigation is af- 
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forded by analyses of water in drainage ditches which empty into the 
Colorado Biver in Colorado. The selenium content varied from 0.32 to 
2.68 p.p.m. (Williams and Byers, 1935). Above the discharge point of 
these ditches, the water of the Colorado River was free of selenium. Sev¬ 
eral tributaries were contaminated in a similar way. The result was the 
presence of 0.03 p.p.m. Se in the Colorado Biver near Grand Junction. 
Since irrigation has been practiced on a large scale in these districts for 
a comparatively short time, it is to be expected that large amounts of 
soluble selenium will be removed until that remaining is greatly reduced. 

The water of shallow wells in the seleniferous areas of Nebraska and 
South Dakota has been found to contain as much as 0.2 p.p.m. Se, but 
deep well water is practically free of it. Similarly 0.56 p.p.m. Se was 
found in the water of a shallow well near Fallon, Nevada, but a deep 
artesian well nearby contained none (Byers, 1936). Of 44 samples of 
drinking water from wells in South Dakota and Nebraska examined by 
Smith and Westfall (1937) 23 per cent contained selenium in amounts 
from 0.05 to 0.33 p.p.m. No definite relation between depth and selenium 
content could be found. A so-called “poison spring” in South Dakota was 
found to have 0.4 p.p.m. Se in its water (Miller and Byers, 1935). It is 
interesting to note that selenium at a concentration of 0.2 p.p.m. was 
found in the medicinal waters of La Roche-Posay in the department of 
Vienne, Prance (Taboury, 1909). 

Selenium in Plants. —Probably so reactive an element as selenium 
should be expected to be absorbed to varying extents by different kinds 
of plants. The facts so far determined reveal a truly amazing selectivity. 
On the basis of their tendency to accumulate selenium, plants may be 
classified into three groups, corresponding to (a) high, (Z>) moderate, and 
(c) slight absorption (Bcath, Eppson, and Gilbert, 1935; Miller and 
Byers, 1937). 

In group a are included certain species of Astragalus (family Legumi- 
nosae), especially A. racemosus and A. hisulcatus (poison vetch); Stan- 
leya pinnata and S. bipinnata (family Cruciferae), and Xylorhiza Parryi 
(family Compositae). These plants grow more vigorously on seleniferous 
soil and may accumulate the element to the extent of a 1,000 p.p.m. or 
more: for example, Byers (1935, 1936) gives examples of Astragalus 
hisulcatus containing 2,000 to 4,000 p.p.m. Se growing on soils which con¬ 
tained from 0.8 to 3.0 p.p.m. Se. The highest selenium content so far 
reported (14,920 p.p.m.) is for a sample of A. racemosus growing on a 
Pierre shale which had 22.7 p.p.m. Se. No sign of injury was evident. 
Possibly the element plays a role in the physiology of these plants (Tre- 
lease and Trelease, 1938). 
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An extremely important result of the growth of such plants in a sele- 
niferons region is the conversion of selenium from a relatively insoluble 
condition to one in which it is readily absorbed by many plans other than 
those of group a. Hence the latter have been called “selenium converters,” 
or “indicators.” 

Not all species in a genus behave alike in selenium absorption. This con¬ 
trast in the behavior of closely related plants is well illustrated by 
Astragalus. Thus, in five plots having a mean soil content of 2.1 p.p.m. Se, 
A. hisuloatua averaged 1,250 p.p.m. Se and A.missouriensis 3.1 p.p.m. Se. 
Further data are given by Byers and Knight (1935). Similar differences 
have been found in other families and genera. 

In group b are included Aster Fendleri and A. multifiorus (family 
Compositae), several species of Atriplex (family Chenopodiaceae), and 
the ordinary cereals (family Gramineae). These plants are not able to 
concentrate large amounts of selenium from ordinary seleniferous soil, 
but if they grow near the spot at which a selenium-converting plant has 
grown, they may accumulate the element very markedlj’’. 

In an experiment reported by Beath, Eppson, and Gilbert (1937), 
wheat was grown on Steele shale soil through which green Astragalus 
bisulcatus Avas dispersed in the upper foot in such quantity that the 
average concentration of selenium was 10 p.p.m. At the conclusion of the 
growing season, the wheat contained selenium as follows: heads, 95 
p.p.m.; stem and leaves, 123 p.p.m.; roots, 107 p.p.m. Another sample of 
the same wheat grown upon the same shale without the addition of the 
Astragalus bisulcatus contained only a trace of selenium. In the same 
experiment, wheat was raised on the same soil to which potassium selenite 
had been added at the rate of 10 p.p.m. selenium. In the matured wheat, 
selenium was present as follows: heads, 19 p.p.m.; stem and leaves, 17 
p.p.m.; roots, 36 p.p.m. Thus it was shown that selenium from decom¬ 
posed “converter plants” is much more readily taken up by other plants 
than is selenium in inorganic combination, although the difference may 
be due to failure of the selenium from x>Iants to be rendered insoluble by 
reaction with metallic salts of the soil, for example, those of iron. Further 
consideration of the availability of selenium Avill be given in a later 
section. 

Plants of group b are usually affected adversely by large amounts of 
selenium in their tissues. Thus IIurd-Karrer’s (1935) data show that 
wheat grown on soil treated with sodium selenite showed injury when 
its content of selenium was from 300 to something over 600 p.p.m., cal¬ 
culated on an air-dry basis. Analysis of wheat from various parts of the 
world, including Argentina, Australia, Canada, Hungary, Mexico, New 



148 


HUgardia 


[VoL. 12, No. 2 


Zealand, South Africa, and Spain (Bobinson, 1936) showed selenium to 
be present in every sample in amounts from 0.1 to 1.9 p.p.m. The samples 
were obtained from the respective marketing centers and hence represent 
average conditions for large areas. Undoubtedly, wheat from restricted 
localities in other countries contains high amounts of selenium just as in 
the case of certain areas in the United States. Unfortunately, in the man¬ 
ufacture of flour, the toxic portion of grain is not lost: Horn, Nelson, and 
Jones (1936) found the toxic principle to be uniformly distributed in the 
milled fractions. Smith and Westfall (1937) have reported analyses of 
cereal grains from Nebraska and South Dakota which may be summar¬ 


ized as follows: 

Seleniuin, p.p.m. 

Grain Minimum Maximum 

Wheat.1.15 18.8 

Corn.1.00 14.9 

Barley. 1.65 5.75 

Oats.2.00 10.00 

Bye. 0.87 3.80 


Hurd-Karrer (1935) has reported that mustard absorbs large quanti¬ 
ties of selenium from soil containing 5 p.p.m. Se as sodium selenate. Ac¬ 
cordingly, it was of great interest to determine if the common mustard, 
Brassica campcstris, which comprises a large portion of the (tovererop in 
the citrxis district of California, absorbs much selenium from the soil of 
treated groves. Samples were selected from beneath and around the trees 
and found to contain from 1 to 4.7 p.p.m. Se, with no consistent difference 
between treated and untreated plots. This is a further indication that 
the residue of selenium from Selocide is not readily absorbed by plants. 
Of coui*se, the possibility remains that some other plant species grown 
now or in the future in the citrus or vineyard districts of California, will 
prove to be a “selenium converter.” A plant survey should be made for 
these districts similar to those already made in South Dakota, Nebraska, 
Wyoming, etc. 

The plants of group c, which have a limited tolerance for selenium and 
are able to absorb but little of it even from highly selcniferous soils, 
include the gamma grasses, Bouteloua gracilis and B. curtipendula, buf¬ 
falo grass, Buehloe dactyloidcs, and numerous other native range plants 
(Death, Eppson, and Gilbert, 1935). Unfortunately, the data available 
as yet are largely limited to plants of the Eocky Mountain and Great 
Plains regions. 

The question of absoi*plion of selenium by alfalfa has received some 
attention. Since alfalfa is a member of the same family as Astragalus, it 
might conceivably be of the “selenium converter” type. Prom a clay loam 
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soil to which 4 p.p.m. Se had been added as sodium selenate, Hurd-Karrer 
(1937) found alfalfa to collect 220 p.p.m. Se (air-dry basis). Byers 
(1936) found 200 p.p.m. Se in a sample from an irrigated field whose soil 
contained but 0.7 p.p.m. Other samples on various other soils had up to 
40 p.p.m. Several samples of alfalfa from soils of 0.5 p.p.m. Se contained 
none. Death, Eppson, and Gilbert (1935) found only a few parts per 
million of selenium in alfalfa growing on seleniferous shales but were 
able to give more to samples of the plant by irrigating them with aqueous 
extracts of Astragalus hisidcatus. No sample of alfalfa from South Da¬ 
kota analyzed by Moxon (1937) contained more than 10 p.p.m. Se. In 
the present investigation, dried alfalfa from the San Joaquin Valley was 
found to contain only a trace of selenium, whereas in the soil on which 
it was grown there were 0.4 i).i).m. The evidence indicates that alfalfa 
docs not absorb really laj*ge amounts of selenium from soils containing it 
to the extent of several parts i>er million. Probably it belongs to group 
whose members take up large amounts of selenium only wlieii the element 
has been rendered available by i^revious in(*orporation in a “selenium- 
converter plant.” In the present investigation, melilotus clover was 
grown by D. R. Iloagland of the Plant Nutrition Division on soil to which 
Selocide had been added at the rate of 60 kg Sc per acre. The dry plants 
were analyzed by P. L. Kirk of the Biochemistry Division and found to 
contain 0.3 p.p.m. Se. Apparently this clover does not absorb selenium 
readily. 

Comparatively little data are at hand regarding absorption of selenium 
from the soil by t ruck crops. Plants grown on Keyport clay loam to which 
sodium selenate had been added to give 5 p.p.m. Se contained the follow¬ 
ing amounts of selenium in their leaves (lliird-Karrer, 1937) : 


PlilUt 

Cabbage, young 
(.^abbage, old 
Broccoli 
''J''urnip 
Pea ... 

Corn . 

Spinach . 
Lettuce . 


Selenium, ppm 
. .. 

180 

220 

240 

00 

00 

50 

50 


Byers (1935) found the following amounts: 

Plant 

Turnips. 

String Beans. 

Lettuce. 

Cabbage . 


Seleniuni, p m 

. . 25 
2 
7 

. .100 






ISO 


MUffordia 


[V<».18,No»2 


Unfortunately, no information concerning the soil was given. Several 
kinds of vegetables, grasses, and cereals were grown for four seasons on 
soils from Steele and Niobrara formations containing 2-4 p.p.m. Se 
(Ejiigbt and Beath, 1937). The highest selenium content of the plants 
during the fourth season was 3.5 p.p.m. Apparently none of them are 
“selenium converters.” The selenium contents of the edible portions of 
various vegetables, presumably grown in South Dakota or Nebraska, 
were reported by Smith and Westfall (1937): 


Selenium, p.p.m. 

Material Minimum Maximum 

Cucumber. 0.12 0.55 

Potato. 0.24 0.94 

Beet. 0.32 1.18 

Tomato.0.18 1.22 

Carrot. 0.43 1.30 

Pea, beau. 0.38 2.04 

Cabbage. 0.23 4.52 

Kutabaga. 1.72 6.00 

Onion. 0.36 17.80 


Since these data apparently refer to fresh weight, obviously some of the 
ordinary vegetables from seleniferous regions may contain as much sele¬ 
nium as the plants which have been classifted into group h. 

Additional data concerning the absorption of selenium by various 
vegetables was afforded by certain experiments conducted by Iloagland. 
The results of the analyses, made by Kirk, are summarized in table 8. 

Extremely little published information is at hand regarding selenium 
in the fruit of trees. Byers (1936) found less than 0.1 p.p.m. Se in the pulp 
and skin of each of eighteen samples of apples from Colorado. The maxi¬ 
mum selenium content of the apple seeds was 0.5 p.p.m., and many had 
only a trace. 

The stage of growth may have an important effect upon the content of 
selenium in various plants. This matter has been investigated by Beath, 
Eppson, and Gilbert (1937) for .several highly seleniferous plants. The 
following re.sults are typical for those obtained with Aster commutatis: 

Selenium, 


Stage of growth 

Month 

p.p m. 

Initial growth. 

.May 

590 

Prebloom. 

.June 

273 

Full bloom. 

.August 

233 

Seeding . 

.November 

15 


A decrease in selenium content with age cannot be taken as characteristic 
of all such plants, however, for Oonopsis condensata contained the maxi¬ 
mum amount at the period of full bloom. Very little information on this 
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point is available for plants which are important foods for man or ani¬ 
mals. Hord-Karrer (1936) found that wheat plants grown on soil to 
which sodium selenate had been added at the rate of 30 p.p.m. Se con¬ 
tained 1,120 p.p.m. Se (air-dry basis) when young and but 220 p.p.m. 
at maturity. Similarly, from nutrient solutions containing 1 p.p.m. Se 


TABLE 8 

Absorption op Selenium by Vegetables 



Selenium added to soil 

Selenium in resulting plant 

Plant 


Form 

Amount 

Part 

Amount 




P p.m. 


p.p.m. 



Selocide 


f Tops 
\ Roots 

10 

" 

Carrots 

■ 

Selocide 

20 

f Tops 
\ Roots 

26-43 

12 

1 


^ Selenite 

1 1 

II 

11-18 

2-4 

Lettuce 


Selocide 

20 

•r 

lops 

26 

Peas 

/ Solooidc 

20 

( Seeds 

: 6-10 

1 

^ SelLMiite 

1 1 

\ Seeds 

10 


j 

Solemie 

/ 1 i 

\ 10 

Fruit 

Vines nil died 

10 

'romatoos 


Selenato . i 

/ 1 

Fruit 

28 

i 

^ 10 

Vines all died 





f 1 

Fruit 

ft 



Selocide 

1 

Fruit ‘ 

13 




[ 100 

Vines all died 



as sodium selenate, one-month-old wheat plants eolleeted 330 p.p.m. Se, 
but at matuidty the leaves contained 40 p.p.m., the stems 12 p.p.m., and 
the grain 8 p.p.m. 

The various iiarts of a given species of plant may contain decidedly 
different concentrations of selenium. The data on wheat (preceding para¬ 
graph and p. 147) exemplify this condition. Analysis of a sample of 
Astragalus pectinatus when the seeds were beginning to disperse gave 
the following results (Beath, Bppson, and Gilbert, 1937); 

Material Selenium, p.p,m. 

Pods. . 

Foliage .260 

Seeds. 3,250 
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Combination in Which Selenium Occurs in Plants. —Several workers 
have attempted to obtain information regarding the manner in which 
selenium is held in plants by determining its solubility in water or other 
solvents. Unfortunately, there is poor agreement among the experiment¬ 
ers. Beath, Draize, et al. (1934) and Beath, Gilbert, and Eppson (1937) 
found the selenium in range plants of Wyoming to be freely water-solu¬ 
ble and about 50 per cent of that in wheat to be water-soluble. On the 
contrary, Horn, Nelson, and Jones (1936) by biological testing found 
that neither water, alcohol, nor ether removed selenium from wheat. In- 
cidently, this proves that it (*annot be associated with the lipoids. Moxon 
(1937) also, by a biological method, obtained no evidence that selenium 
was removed from corn by distilled water or by 5 per cent potassium 
sulfate solution. 

The first suggestion that selenium may be present in plants as a result 
of replacing sulfur in some organic compound probably was made by 
Cameron (1880). Among more modern workers, Pranke (1934) showed 
that the toxic material in Dakota wheat and corn followed the protein 
fraction. Pursuing this work further, Pranke and Painter (1936) found 
little or none of the selenium to occur in the free state or in an inorganic 
compound. Even after hydrolysis of the proteins to amino acids, the sele¬ 
nium remained in organiii combination. Upon extraction of the hydro¬ 
lysate with chloroform, petroleum ether, alcohol, or benzene, none of the 
selenium was remewed; but it all passed into butyl alcohol within 72 
hours. This behavior is like that of the sulfur-containing amino acids 
cysteine, ey.stine, and methionine (Painter and Pranke, 1935). All cystine 
precipitants brought down more or le.s.s of the selenium present. At least 
part of the total selenium i.s in an organic comi)ound whose properties 
closely resemble those of cystine. The .selenium: sulfur ratio in the protein 
from a sample of toxic wheat was found to be 1 :148. In general, the ideas 
of Pranke ajid his co-Avorkers were confirmed by Horn, Nelson, and Jones 
(1936). The selenium analog of cy.stiiie has been synthesized (Gordon, 
1935), but apparently its biological effects have not boon reported. 

Probably selenium occurs in somewhat different forms in various 
plants; for Beath, Eppson, and Gilbert (1937) found that it is not 
volatile from cereals, grasses, or vegetables, but when the “selenium con¬ 
verters” are dried, up to two-thirds of their contained selenium may be 
lost. In fact, the living plants have an odor which is said to repel forag¬ 
ing animals. Byers and Knight (1935) reported that Astragalus bisul- 
catus can be freed almost completely from selenium by extraction with 
hot water, and that part of the selenium is volatile with steam. Pranke 
and Painter (1938) showed that even “lethal wheat” becomes less toxic 
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as it is stored. Such behavior is probably due to loss of a volatile selenium 
compound. 

Availability of Selenium to Plants .—Examination of the data of Byers 
(1935, 1936) indicates that there is no correlation between the concen¬ 
tration of selenium in various soils of the Middle West and Rocky Moun¬ 
tain regions and its concentration in any given species of plant grown on 
the soils. Since selenium occurs in several forms whose relative amounts 
doubtless differ in various soils, such a result is to be expected. Lakin, 
Williams, and Byers (1938) have reported that none of the naturally 
occurring vegetation from a certain district in Puerto Rico contains as 
much as 1.0 p.p.m. Se, although tlie soil content is from 2.5 to 12.0 p.p.m. 
Se. This situation has forced the above writers to the conclusion that, 
“Selenium content in soils does not necessarily indicate a dangerous or 
even slightly harmful situation.’' They also express the opinion that the 
selenium left in the soil as a result of the use of Selocide will be available 
to plants only as the result of slow hydrolytic j)rocesses which change it 
to available forms. In the absence of information concerning the fate of 
selenium in different combinations added to the soil, conclusions cannot 
be drawn regarding the true availability of selenium in its various states. 
The free element has but slight effect, if any, upon wheat (PIurd-Karrer, 
1935) but upon a nonseleniforous soil to whicli free selenium was added 
to give 25 p.p.m., 3-months>old seedlings of certain Astragalus species 
contained 1,150 p.p.m. Se (Beath, Eppson, and Gilbert, 1937). 

Wheat is able to take in much more selenium from added soluble sele- 
nate than from selenite (IIurd-Karrer, 1935). This may be the result of 
a true difference betweiui the hexavalejit and tetravalent forms of the 
element, but more likely it is a consecpience of the greater reactivity of 
the selenite, which may be reduced to the free state or form very slightly 
soluble comi)ounds—for exami>le, with iron—and liejice be less available 
to plants. 

No systematic study of the effect of acid or basic conditions upon the 
absorption of selenium seems to have been made, llurd-lvarrer (1934, 
1935) found no effect upon the toxicity of sodium selenate to wheat seed¬ 
lings when the pH of soils varied from about 5 to 8. It does not follow that 
other forms of selenium would bo similarly" indifferent to pH. 

The importance of the nature of the soil in absorption of added sele¬ 
nium by plants lias been emphasized by Hurd-Karrer (1935). The physi¬ 
ological effects of sodium selenate upon wheal plants w^re much more 
decided in the case of Pierre clay than in that of Ke^T3ort clay loam. 
The latter soil has a relatively higher content of aluminum and iron and 
hence may be expected to react with or tightly adsorb more of the added 
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gelenium compound. There is little possibility, however, that a soil con¬ 
taining dangerous amounts of selenium may be rendered suitable for 
use by adding iron, because the cheap iron compounds, such as commer¬ 
cial iron oxide, do not react to any appreciable degree with soluble sele¬ 
nium. The iron compounds which will form insoluble compounds with 
selenium—for example, iron hydroxide or soluble salts which hydrolyze 
to form it—^are too expensive for agricultural use in the amounts needed. 
Addition of quartz sand to Keyport clay loam (Hurd-Karrer, 1935) in¬ 
creased the toxic effects upon wheat plants of a given concentration of 
sodium selenate in the mixture. Knight and Beath (1937) found that 
Thermopolis shales not only permit but little added selenite to be ab¬ 
sorbed by wheat, but even the incorporation of highly seleniferous green 
Astragalus bisulcatus in the soil resulted in little selenium in the wheat 
grown thereon. 

These same authors have reported an interesting difference between 
the distributions of added inorganic and organic selenium in several 
Wyoming shale soils. Sodium selenite tends to remain concentrated in 
the top layers, whereas that from seleniferous plants readily penetrates 
at least to the 2V^-foot depth. That the growth of “selenium-converter 
plants” over long periods does not result in an accumulation of selenium 
near the toj) of the soil is shown by the tables of Byers (1985,1936) and 
by the data of Beath, Eppson, and Gilbert (1937). 

Effect of Adding Sulfur .—The close association of amino acids con¬ 
taining selenium with those containing sulfur has led to the suggestion 
that plants distinguish between them with difficxilty. IIurd-Karrer 
(1936) has stated: 

The only way I have found so far to explain the relationship of sulfur and selenium 
is to assume that the root cannot tell the difference between them because of their 
chemical similarity. Assuming that this is true, then the amount of selenium taken 
in with a given amount of sulfur would depend on the proportionate amounts of the 
two which are available, the total absorbed being limited. Thus if there is a large 
excess of sulfur, the root will get relatively little selenium. After the selenium gets 
in, it can be assumed that the plant proceeds to use it as if it were sulfur, but with 
serious results. Every molecule that gets selenium instead of sulfur would be disabled, 
as it were, and fail to function normally. When a large enough proportion of the 
molecules are affected, the plant shows external signs of injury. This theory of sub¬ 
stitution adequately accounts for the quantitative aspects of the dependence of sele¬ 
nium toxicity on relative rather than absolute sulfur availability; and for the fact 
that chemical analyses show that excess sulfur reduces the amount of selenium taken 
up by the plants. 

lu a series of reports, this same author (Hurd-Karrer, 1934, 1935; 
Hurd-Karrer and Kennedy, 1936) has cited numerous data which show 
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that the addition of sulfur in various forms to soils artificially selenized 
with sodium selenate decreases both the intake of selenium by plants 
(particularly wheat) and the toxic effects of the plants when fed to rats. 
Hurd-Karrer considers that a sulfur: selenium ratio of 12:1 or greater 
insures protection to plants grown on soils artificially selenized with 
sodium selenate although such wheat grain may be harmful to rats. As 
might be expected, free sulfur is effective only after time has been al¬ 
lowed for it to change into a soluble form. 

Confirmation of the effect of soluble sulfur was obtained by Knight 
and Beath (1937) who raised wheat upon an originally nonseleniferous 
soil to which had been added several parts per million of selenium as 
sodium selenite. To one plot a mixture of sulfur and ammonium sulfate 
was added to the extent of 0.4 per cent (4,000 p.p.m.). The partly grown 
plants contained selenium as follows: on sulfur-treated soil, 32 p.p.m.; 
on untreated soil, 378 p.p.m. 

The addition of hexavalent inorganic selenium compounds to soil does 
not duplicate its natural occurrence either in the original condition or 
after incorporation in a plant and subsequent return to the earth. lienee 
the effects of sulfur may be expected to depend upon the condition of 
the selenium. Hurd-Karrer (1935) found that free sulfur at 1:1,200 
in a soil containing 4 p.p.m. of naturally occurring selenium reduced the 
selenium in planls (presumably wheat) grown on the soil from 450 p.p.m. 
Se to 15 p.p.m. Byers (1935) made the following cautious statement re¬ 
garding the effects of sulfur on selenium ab.sorption by range plants: 
“In general, where the soluble sulfates are high, i.e., the sulfur-selenium 
ratio is high, the selenium content of compai’able samples is low, and, 
conversely when the sulfur-selenium ratio is low, the plant content is 
high. However, the relation is not consistent.” 

In contrast to these two reports, all other w’orkers seem to have agreed 
that, under practical conditions, sulfur is of no value in decreasing sele¬ 
nium absorption. Martin (1936) reported that only low concentrations of 
soditim selenite—^for example, 1 p.p.m. Se—in nutrient solutions could 
be rendered nontoxic to wheat plants by adding even large amounts of 
soluble sul fate. In fact, a S: Se ratio of 2.5:1.0 was as useful as one of 40:1. 
Franke and Painter (1937) pointed out that Hurd-Karrer’s results are 
inexplicable to many workers familiar with the soils of some regions 
which produce seleniferous vegetation because these soils are nearly or 
completely saturated with calcium sulfate and the waters of the areas 
are rich in soluble sulfate. In their own experiments, no decrease in sele¬ 
nium absorption by corn, wheat, or barley w'as caused by 1,500 pounds 
per acre of ground sulfur or calcium sulfate added to a seleniferous soil 
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one and two years before. During the course of the present investigation, 
wheat was grown by Hoagland on culture solutions containing 8 p.p.m. 
Se as sodium selenite and varying concentrations of soluble sulfate. The 
mature grain was analyzed by Kirk with the following results: 

Selenium in grrain, 


S: Se ratio p.p.m. 

2:1.142 

4:1. 80 

10:1. 23.4 

12:1. 42.3 


Obviously absorption of selenium was only partly prevented by a 12:1 
sulfur: selenium ratio. 

Knight and Death (lO.'lT) and Moxon (1937) have arrived independ¬ 
ently at the conclusion that sulfur does not inhibit the absorption of the 
organic combinations of selenium that arc given to the soil when “sele¬ 
nium-converter” plants such as Astragalus decompose. This was still 
true when the seleniferous plant had been in the soil for three years. 
Death, Eppson, and Gilbert (1937) cite data showing that young wheat 
plants took in more selenium from .soil containing powdered Astragalus 
plants when sulfur, sodium sulfate, or magnesium sulfate was added. The 
foliage of beans grown on a soil plus 0.6 per cent S contained 150 p.p.m. 
Se, whereas on the same soil in the absence of sulfur, it contained 36 
p.p.m. Se. 

The large amount of data furnished by the workers mentioned imme¬ 
diately above discourages any hope that the addition of sulfur offers a 
method for mitigating the harmful effects of naturally occurring sele¬ 
nium in districts where they are serious. Even if the desired effects could 
be secured by generous use of sulfur, tlie cost would often he prohibitive. 

TOXICITY OF SELENIUM TO ANIMAL.S AND MAN 
The remarkable story of how a horse, cattle, and hog disea.se of certain 
states in the Great Plains and Rocky Mountain regions was traced to in¬ 
gestion of selenium in the food has been told many times—for example, 
Trelease and Martin (1936), Steen (1936), Moxon (3937), and Knight 
(1937). 

The distinction between the acute and chronic types of toxic action was 
recognized long ago. The term “blind staggers” has been applied to the 
sudden onset of violent symptoms such as impairment of vision, aimless 
wandering, gnawing of wood and metals, grating of teeth, drooling, 
grunting, labored breathing, and paralysis ending in death. This condi¬ 
tion is the result of eating highly seleniferous plants such as the “sele¬ 
nium converters” and may come on very soon or after a considerable 
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delay (Beath, 1935; Knight and Beath, 1937), Ordinarily, animals avoid 
these plants, but in time of drought may be driven to eat them, and ani¬ 
mals newly arrived from other localities are not careful to avoid them at 
any time. 

“Alkali disease” signifies the chronic condition characterized by re¬ 
tarded growth of the young, dullness, apathy, emaciation, loss of hair, 
aged appearance, soreness of joints, and loosening or deformed growth 
of hoofs. This is the result of continued ingestion of small amounts of 
selenium, particularly as it occurs in cereals and forage crops. 

A detailed summary of the pathologic anatomical clianges in both con¬ 
ditions as observed at autopsy has been given by Draize and Beath (1935) 
and by Smith, Stohlman, and Lillie (1937). Selenium is present in all 
parts of the body to the extent of several parts per million, especially in 
the liver, kidney, and spleen (Dudley, 1936). Degenerative (dianges, such 
as fatty infiltration and necrosis of the liver and advanced anemia, are 
more pronounced, of course, in the condition of chronic poisoning. 

Proof that Selenium Is the Cause of the Disorders .—After suspicion 
was first aroused that selenium might be the cause of blind staggers and 
alkali disease, it was necessary to determine if the incidence of the disease 
corres])onded geographically with the occurrence of selenium in plants 
used for animal food, and to compare the effects of selenium iulreduced 
into the body in various forms and ways with the natural symptoms. A 
review of the very extensive research work which has elucidated these 
questions is not necessary here, for it has been discussed at length by 
several writers. Byers (1935), Franke, Rice, et al., (1934), and ICnight 
(1935) have shown convincingly that the area in which selenium occurs 
to the extent of at least several paids per million in the food of livestock 
is the .same as that in which the disorders occur. Differences between re¬ 
gions are to be expected—for exam])le, alkali disease is the predominant 
type in South Dakota (JMoxoii, 19.37) where grain is raised veiy exten¬ 
sively, whereas blind staggers is typical of the range lands of Wyoming. 

The attempts to prove that the naturally occurring symi)toms are 
identical w'ith those resulting from experimental feeding of selenium and 
hence may be attributed .solely to that element have resulted in general 
agreement, although points of diffeiTnce still persist among various 
workers. For one thing, experiments have been made with rats, (lats, and 
other small animals, whereas practical interest is in large animals and 
humans. Beath has written (Knight and Beath, 1937): 

The writer has no report of anyone who has produced aggravated cases of the alkali 
disease in cattle and horses by experimentally controlled feeding tests. Nor has any 
investigator reported upon the production of the acute stage of blind staggers by 
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feodiug, under controlled conditions, those seleniferons weeds believed to be responid* 
ble.... So far as the writer can determine, no one has as yet shown that an aggravated 
case of the alkali disease characterized by deformed hoofs, sloughing of manes and 
tails, and other loss of hair, can be produced in cattle and horses by daUy feeding of 
the inorganic salts of selenium. 

It has been suggested (Beath, Eppson, and Gilbert, 1935) but not 
proved that other elements, such as tellurium or molybdenum may be 
concerned in these disorders. 

With small expei’imental animals, the picture is much clearer. On the 
criteria of growth, food intake, hemoglobin level, and gross pathology of 
rats, Franke and Potter (1935) decided that the effects of sodium selenite 
added to a standard diet are “virtually identical” with those produced 
by the natural plant toxicant, and that for equal intakes of selenium, the 
toxic effects are quantitatively the same. Schneider (1936) also found 
that selenite produced the same symptoms in his rats as Franke had de¬ 
scribed. Martin (1936) compared the effects upon rats of sodium selenite 
added to a standard Sherman and Campbell diet with those of selenifer- 
ous buekweat and found the toxicities to be identical. The identity of 
symptoms was corroborated by Munsell, De Vaney, and Kennedy (1936), 
but these workers found the condition of animals on the diet containing 
18.4 p.p.m. selenite selenium to resemble most nearly that of others on 
toxic wheat diet containing 9.8 p.p.m. Se, that is, the naturally occurring 
selenium was about twice as toxic as the inorganic form. 

In an elaborate summary of nearly ten years’ work with rals, Franke 
and Painter (1938) have declared that on both naturally and artificially 
selenized diets, the toxic effects are due solely to the presence of selenium. 
As criteria they chose: average life span, average net gain, difference in 
net gain between control and experimental, average food consumption 
and difference in food consumption of control and experimental. For the 
different sources of the element, the order of decreasing toxicity for diets 
containing 10 p.p.m. Se or more w'as wheat, corn, barley, selenite. How¬ 
ever, the differences are not great, for example, equal toxicity is associ¬ 
ated with the following selenium content in the diets: wheat, 14 p.p.m.; 
com, 16 p.p.m.; barley, 18 p.p.m.; selenite, 25 p.p.m. Any difference in 
toxicity between naturally occurring selenium compounds in plants and 
selenite is probably due to reduction, of the latter to free selenium, which 
is very poorly absorbed. 

Bestriction of Food .—All workers have noted that rats are loath to eat 
food containing selenium. Franke and Potter (1936a) found that they 
invariably chose the food containing the least .selenium whether it was 
present in wheat or as sodium selenite. In the experiments repoited by 
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Miller and Schoening (1938), young pigs were very loath to eat food con¬ 
taining 24.5 p.p.m. Se as sodium selenite. This is entirely analogous to the 
previously mentioned tendency of animals on the range to avoid seleni- 
ferous plants. The question of whether the effects of a diet containing 
selenium may be due at least in part to the voluntary partial starvation 
of the test animals has received considerable attention. Symptoms such 
as diminished growth of the young, loss of weight of the adults, weakness, 
and general apathy are the usual results of starvation; but the degenera¬ 
tive changes which persist after animals are restored to normal diets are 
clearly specific results of the ingestion of selenium. Restriction of a nor¬ 
mal diet to equal the amount of a seleniferous diet eaten resulted in about 
equally diminished rates of growth; but the hemorrhages, degenerate 
liver, and other pathological symptoms were entirely limited to the rats 
on a diet containing selenium (Munsell, De Vaney, and Kennedy, 1936). 
The whole matter was examined critically by Franke and Painter (1938) 
who concluded that: (a) although there is a high correlation between the 
selenium content of the diet and voluntary food restriction, there is no 
correlation between the toxic effects produced and the daily consumption 
of selenium; (?;) when much selenium is in the diet, the food intake is 
reduced to a level which will not maintain life and enable the animal to 
withstand the toxic action of the selenium; (c) on the diets which caused 
a diminution in food intake, the rats eating the most selenium fare the 
best; (d) animals on a seleniferous diet gain less vreight per gram of con¬ 
sumed food than they do on normal diets. If this last conclusion holds 
also for farm animals, tremendous economic losses may be suffered by 
stockmen in the selenifeivms regions entij’ely aside from the direct losses 
by illness and death of animfils. 

Effects on Reproduction and the Survival of Young Animals .—A fur¬ 
ther source of losses of the less obvious kind is that of deci’eased fertility 
as a consequence of ingesting selenium. It has long been known that in 
certain localities of South Dakota unsatisfactory hatching of eggs and 
malformation and high mortality of chicks are of general occurrence. In 
a series of studies, Franke and bis co-workers (Franke and Tulley, 1935, 
1936; Tully and Franke, 1935; Poley, Moxon, and Franke, 1937) showed 
that these effects are the result of selenium in the chicken feed, and that 
similar effects may be produced by injecting selenite into the air cell of 
eggs before incubation. In a feeding experiment in which chickens were 
placed upon a diet containing 65 per cent seleniferous grain (15 p.p.m. 
Se), after 7 days no more normal chicks were prodiiced as long as the diet 
was continued, and the hatchability w'as reduced to zero in 13 to 19 days; 
6 days after removal from the toxic diet these symptoms disappeared. 



TABLE 9 

Data on Acute Toxicity of Selenium and op Arsenic 


160 


Kilgardia 


[VoL. 12, No. 2 



( Muelilberger and Schrenk (192S) Intravenous 









Nov., 1938] SoaMna-Boyoe-Lamiman: Selenium Sprays for Bed Mites 


161 


In a study with rats on diets containing seleniferous wheat, Franke 
and Potter (1936b) showed that prolonged feeding led to a distinct loss 
in reproductive power. Matings between animals both fed on the toxic 
grain were invariably sterile; if but one animal had been on the diet, fer¬ 
tility was variable. 

Affected females could not raise their young. There is a strong proba¬ 
bility that failure of the young to survive was at least partly due to their 
susceptibility to selenium poisoning as well as to any failure of the 
mothers to give proper care, for it has been found that selenium occurs 
to at least 1 p.p.m. in the milk of cows on a seleniferous diet (Smith and 
Westfall, 1937), and doubtless is present in rat milk under the .same cir¬ 
cumstances. The hypersensitivity of the young to selenium poisoning is 
illustrated by the results of Franke and Potter (1936b), who found that 
young rats aged 20-22 days put on a diet of wheat containing 24.6 p.p.m. 
Se died in a few weeks, whereas tho.se not exposed to the diet until they 
were 60-100 days old lived through a feeding period of 360 days with no 
outward signs of injury except a somewhat depressed rate of growth. 

There is no proof that similar conditions hold for larger animals, but 
this work suggests that this and other aspects of chronic selenium inges¬ 
tion may be of practical significance. 

Quantitative Data on Toxic Effects Due to Seleftium .—Like many other 
substances which are harmful to animals, the effects caused by selenium 
vary greatly with such factors as size of dosage, form and manner of 
administering, and varying susceptibility of different te.st animals. Dis¬ 
tinction between the acute, subacute, and chronic symptoms and dosages 
is important. It is not ahvays possible to a.scertain at what age the animals 
were used, but, in general, in experiments not involving growth, young 
adults were used, whereas growth studies usually were started soon after 
weaning. 

The data on acute toxicity I'efcr to the situation in which death follows 
a single dose A^■ithin a very few days at the latest. Part of the pertinent 
data are summarized in table 9. For comparison, certain data on the acute 
toxicity of arsenic, are included. 

When death usually ensues but is delayed for a considerable time, the 
toxicity may be referred to as “subacute.” The data in table 10 are for 
animals kept on a seleniferous diet continuoiisly. In some cases, food 
consumption has not been reported, and hence no relation between intake 
of selenium and toxicity can be examined. It will be noted that 1.5 mg 
Se per kg of body weight daily results in the death of about 30 per cent 
of the rats after several months on the diet, wdiereas rabbits and cats are 
affected at least as severely by 0.3 mg Se per kg of body weight daily or 
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less. On the basis of results with only a few animals, the susceptibility of 
young pigs to subacute poisoning from selenium appears to be between 
the susceptibilities of white rats and of rabbits and cats. 

From the standpoint of public health, the chief consideration in the 
use of selenium in a spray is the possibility of causing chronic effects 
which may never result in death but nevertheless may impair general 
health and efficiency. The data for such conditions, as given by various 
workers, refer both to selenium content in the food and to actual amounts 
of selenium ingested. Barley hay containing 6 p.p.m. Se fed to cattle for 
several months and Atriplex Nuttallii (19 p.p.m. Se) fed to cattle and to 
hogs for 3 months caused no sign of injury (Beath, Eppson, and Gilbert, 
1935). Rats on diets containing 1.5 p.p.m. Se in wheat grew normally, 
reproduced, and reared young fully as successfully as those on the stand¬ 
ard diet; with 3 p.p.m. Se in wheat, growth was normal, but reproduction 
was slightly decreased (Munsell, De Vaney, and Kennedy, 1936). Mun- 
sell, De Vaney, and Kennedy (1936) found the addition of selenious acid 
to the extent of 9.1 p.p.m. So in the diet of rats caused no abnormalities 
upon autopsy after 38 weeks. Sodium selenate in the diet at the rate of 7.5 
p.p.m. Se did not depress growth of rats, and no pathological symptoms 
were observable after 6 months (Smith, Stohlman, and Lillie, 1937). As 
a result of their extensive experience, Franke and Painter (1938) state 
that any diet containing over 5 p.p.m Se will retard the growth of rats 
and one wdth over 9 p.p.m. will kill rats placed upon it soon after wean¬ 
ing. In experiments conducted by G. D. Leake, of the Pharmacology Divi¬ 
sion, wheat containing 23.4 p.p.m. Se Was found to cause no mortality in 
young rats within 15 days, but a delay in resuming normal growth per¬ 
sisted for several weeks after the normal diet was restored. This probably 
indicates that more or less permanent injury had been produced. Proba¬ 
bly the conclusion of Byers (1935, 1936), that the tolerance limit is 3-4 
p.p.m. Se in all the diet, is a fair summary of the results to date. 

The data relating known daily intake of selenium with chronic effects 
are very scanty. From the information given by Martin (1936), it may 
be calculated that on a diet containing 12.5 p.p.m. Se in buckwheat the 
average daily intake of rats w^as 1.35 mg Se per kg of body weight. Normal 
growth was obtained on this diet; but when 17.5 p.p.m. Se was present 
and the daily intake w'as 1.63 mg Se per kg of body w'eight, the growth 
was slightly retarded. In similar experiments with diets containing 
scleniferous wheat, Munsell, De Vaney, and Kennedy (1936) found the 
weekly intake of 0.253 mg Se per 100 grams of body weight (0.361 mg Se 
per kg daily) to result in retarded growth and failure to reproduce. No 
obvious explanation for the difference in these results is at hand. 
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Excretion of Selenium .—^Another method is available for calculating 
the amounts of selenium ingested by animals, and it is applicable also to 
humans. Munsell, De Vaney, and Kennedy (1936) found that the amount 
of selenium stored in a rat’s body does not increase indefinitely but reaches 
the maximum for a given diet in 4 to 8 weeks. Thereafter a balance is main¬ 
tained if the intake is constant and the animal is not progressively in¬ 
jured. Selenium is excreted in at least three ways—^by the urine, feces, 
and breath. Analyses have shown that the urinary excretion accounts for 
most of the total loss, for example, 50-80 per cent in the cat (Smith, West- 
fall, and Stohlman, 1937). Hence, it may be used to calculate a minimum 
figure for the selenium intake with the probability that the true intake 
will be higher but not more than twdce as great. Dudley (1936) found 
from 0.1 to 3.0 p.p.m. Se in the iirine of hogs which later died as a result 
of ingesting 15.6 to 74.4 mg Se per kg of body weight daily. A horse was 
fed 94.0 grams Se as sodium selenite over a period of a year’s time; near 
the end of the feeding period, a sample of urine contained 2.0 p.p.m. 
selenium; no ill effects of the selenium diet were observed. The data 
given by Smith, Franke, and Westfall (1936) for urine from several 
horses suffering from alkali disease are particularly interesting: a colt 
at autopsy, 0.33 p.p.m.; horse No. 1,1.00 p.p.m.; horse No. 2,1.25 p.p.m.; 
horse No. 3, 1.70 p.p.m. 

Valuable information regarding the elimination of selenium after 
its ingestion has ceased is given by urine analysis. Smith, Westfall, and 
Stohlman (1937) found that the bulk of stored selenium was eliminated 
by cats within 2 weeks, but that small amounts occurred in llie urine for 
at least a month longer. Munsell, De Vaney, and Kennedy (1936), by 
analysis of rat tissues at various times after removal of selenium from 
the diet, found somewhat comparable conditions with the rat, though de¬ 
pletion was not attained for a longer period. 

Smith, Westfall, and Stohlman (1938) have published data on the 
relative ease of excretion of inorganic and organic selenium by cats and 
rabbits. Their results show that over feeding periods up to 144 days less 
than half the ingested selenium from wheat gluten or oats was excreted 
in the urine. The amounts of selenium stored in the liver and other organs 
were correspondingly greater than when inorganic selenium was fed. 
These results were obtained with diets relatively rich in selenium, how¬ 
ever, and give no information on the effects of extremely small intake of 
organic selenium over long periods. 

Chronic Effects of Selenium-upon Humans .—The most important ap¬ 
plication of the study of urinary secretion of selenium is to the case of 
humans who live in the regions in which the vegetation is known to be 
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seleniferous. Smith and co-workers have made two surveys of families in 
the seleniferous regions of South Dakota, Nebraska, and Wyoming. In 
the first (Smith, Pranke, and Westfall, 1936) the results for 127 indi¬ 
viduals in 90 families may be summarized: 


Selenium in urine, Number of Fer cent of 

p p.m. persons total 

0 4 3.1 

trace 6 4.8 

0.02-0.09. 3.5 27.6 

0.10-0.19.22 17.3 

0.20-0.49 . 37 29.2 

0.50-0.99. 19 14.9 

1.00-1.33. 4 3.1 


Total .127 100.0 


The second survey (Smith and Westfall, 1937) covered 100 individuals 
(including several of the fii'st survey) and showed the urinary selenium 
to vary from 0.20 to 1.98 p.p.m. Se. The authors have calculated that the 
persons examined have been absorbing continuously from 0.01 to 0.10, 
or possibly 0.20 mg Se i)er kg of body weight jier day. This indicates a 
daily absorption of 1 to 2 mg, and in some cases possibly 5 mg, of selenium 
for an adult. Since these people had been residing in the same localities 
for from three to foidy j'^ears, they were presumably at an equilibrium 
condition. The conclusion from i)hysical examinations of the subjects 
was: “Outside of a liigh incidence of symptoms pointing to gastric or in¬ 
testinal dysfunction, and a few instances of apparent hepatic dysfunc¬ 
tion, both probably the result of continual selenium ingestion, no other 
evidence of ill health was seen that could be ascribed to selenium with 
any degree of certainty.” 

To gain information regarding the sources of the selenium to which 
persons included in these surveys were exposed, analyses were made of 
several foods. The results in brief were: 


Food 

Number of 
samples 

Selenium, 

V P m . 

Canned or salted pork. . . . 

4 

1.17 to 8.00 

Raw chicken muscle. 

1 

2.19 

Loan cooked beef.. 

1 

2.22 

Milk. 

50 

0.16 to 1.27 

Eggs . 

32 

0.25 to 9.14 

Grains .. 

42 

0.87 to 18.80 

Vegetables . . . 

.95 

0.00 to 17.80 


A study of the relation between seleniijm content of the various food¬ 
stuffs and urinary elimination proved that the chief sources are meats, 
eggs, milk, and grains. Vegetables played little part, but since they were 
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scarce during the drought year of 1936, this conclusion may not be true 
in general. 

For comparison, the data given by Byers (1935) and by Dudley and 
Byers (1935) show from 0.02 to 3.00 p.p.m. Se in whole milk from the 
same general region and 9.6 p.p.m. Se in the milk solids. 

DISCUSSION AND CONCLUSIONS 
The attention of the medical profession, of scientific and popular writers, 
of governmental agencies, and of the general public has been aroused 
during recent years to the health hazard arising from the use of various 
poisonous substances for the protection of plants which are used as foods. 
Entomologists and agricultural chemists are well aware of the situa¬ 
tion, and a truly enormous effort is being made to eliminate such toxic 
elements as lead, arsenic, etc., from agricultural u.se and to substitute 
organic sub.stances in their place. As yet, however, no more than a begin¬ 
ning has been made. In the face of this feeling against inorganic mate¬ 
rials, the advisability of using such a product must be considered with 
particular care. If it offers a menace to public health, its use should be 
abandoned if possible and carefully controlled in any event. The two cri¬ 
teria are: how poisonous is the substance in question and how much of 
it will be present in food as a result of its use for control of pests? The 
foregoing lengthy account of work in this and other laboratories is 
intended to be a summary of the pertinent available information from 
which conclusions may be drawn regarding the use of the selenium-con¬ 
taining product Selocide, particularly on citrus trees and grapevines. 

There is almost no conceivable danger of acute poisoning from eating 
citrus or grapes treated with Selocide, for it may be estimated from the 
data given that the amount of selenium needed is several hundred milli¬ 
grams, which would be furnished by half a ton or more of oranges or 
grapes. The real question is concerned with the cumulative effect of daily 
ingestion of small amounts of selenium. The toxicity data indicate that 
for several animals the safe limit, that is, the amount which produces no 
detectable chronic symptoms, is about 3 p.p.m. Se in the whole diet. It 
appears that this figure may be used for humans also since the. food of 
the families in the seleniferous regions contained at least this much sele¬ 
nium on the average and no definite symptoms attributable with cer¬ 
tainty to selenium were found in the group. There is no decided difference 
in the toxicity of inorganic and organic selenium, except that the free 
element has very little effect, owing in part to restricted absorption from 
the digestive tract. If the use of Selocide resulted in the high concentra¬ 
tion of 0.2 p>p.m. Se in the fruit and if it is all absorbed during digestion. 
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a simple calculation shows that in order to ingest 1 mg of selenium per 
day, a person must eat about 11 pounds of the contaminated product 
daily. The results of Smith, Westfall, and Stohlman (1937) indicate that 
1 mg of selenium per day is not harmful to an adult. Even though chil¬ 
dren, like young rats, probably are more sensitive to selenium than 
adults, a very large amount of contaminated fruit would be necessary to 
exert a harmful effect. Of course, if selenium is present in other constitu¬ 
ents of the diet, an additional intake from any source may cause the total 
intake to reach or exceed the safe limit, but in that case, the rest of the 
diet usually is the greater source of danger. The special ease of by-prod¬ 
ucts in which selenium might become concentrated is a matter which the 
industries concerned must attend with especial care, just as also must be 
done in the cases in which lead or arsenic are involved. 

The subacute and chronic effects of selenium upon lower animals have 
been shown to be due in part to voluntary decrease in intake of seleni- 
ferous food. In the case of human diets, only parts of which contain ap¬ 
preciable amounts of selenium, it is reasonable to expect this effect of 
semistarvation to be diminished or eliminated. Hence, under conditions 
of choice of food, the results of daily ingesting a given amount of sele¬ 
nium should be less than when all the food is seleniferous. It does not 
seem likely that the amounts of selenium which may occur in human 
foods would lead to avoidance of such foods, for Franke and Potter 
(1936fl) found that rats made but little distinction between control grain 
and that containing 6.15 p.p.m. Se, though the young ones were very 
reluctant to eat grain containing 12.3 p.p.m. Se. 

In order to remove the uncertainty of agriculturists regarding possible 
legal complications from the use of selenium, it is desirable that a toler¬ 
ance be set. The indications are that 3 p.p.m. Se would be entirely safe, 
but a lower figure M’ould probably work no hardship and would be a 
stronger guarantee to the public that their food was fit to eat. 

Although selenium occurs in large amounts in only a few plant species, 
the indication is that all plants take it up to some extent. Hence the ele¬ 
ment is not a stranger to the diet of animals or man, and the intake re¬ 
quired to produce toxic effects is probably the result of a physiological 
tolerance acquired by exposure through the ages. There seems to be no 
reason to hope that this natural partial immunity to selenium can be 
increased rapidly: Smith, Stohlman, and Lillie (1937) found no evidence 
of such an effect w'ith cats. 

The analyses discussed in a previous section show that the amount of 
selenium added to a diet as the result of its use on citrus is extremely 
minute. The residue on the outside is in the least toxic (elementary) form 
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and ordinarily would not be eaten. Furthermore, nearly all of it is re¬ 
moved during the regular packing-house treatment. Most of that which 
occurs in the interior of the fruit will ordinarily be ingested, though there 
is some evidence that in other plants the seeds contain more selenium 
than the other parts. Inspection of the data shows that over a period of 
five years’ use there is only a very minute increase in the amount of sele¬ 
nium in the interior of citrus fruits. This is to be expected from the be¬ 
havior of the selenium which reaches the soil as the result of the spraying 
process, for most of it remains in the first 6 inches and practically none 
has reached beyond the first 2 feet. Doubtless longer use will eventually 
result in deeper penetration so that more selenium will reach the feeding 
zone of citrus roots. Whether or not this will result in a considerable in¬ 
crease in absorption depends to a large extent upon the rainfall and 
irrigation practice. 

Eainfall in the citrus districts of California varies considerably but 
may be taken as 15 inches on the average. Irrigation adds many more 
inches of water each year in most of the citrus districts. However, a con¬ 
siderable part of the irrigation water used up to the present time is ob¬ 
tained from wells in the various districts and hence is rocircuhited water. 
This condition is not so favorable for removal of soluble selenium as pre¬ 
vails in localities such as the Belle Pourche district of South Dakota 
(Byers, 19;{5), in which much of the water leaches thnnigh the soil and 
flows away by gravity. The introduction of irrigation water from the 
outside would increase the probability that soluble selenium will remain 
at a low level in the soil of the citrus district in southern California. 

In the case of grapes, conditions are not so favorable for the use of 
selenium sprays. In the first place, the residue is greater and there is 
less chance to remove it, particularly from fresh fruit. Proper washing 
before drying should keep the selenium residue on raisins down to a low 
figure. The assimilation of selenium from the soil by grapes appears to 
be somewhat greater than in the case of citrus, but the analyses have all 
been made on grapes from the same district and conditions may be differ¬ 
ent elsewhere. Another factor to be considered is the probability that 
vineyards will be torn out in the course of time and the land used for 
other crops. Again in this case, the amount of water received by the soil 
is a very important factor; probably the normal rainfall or rainfall to¬ 
gether with necessary irrigation is sufficient to prevent any serious accu¬ 
mulation of selenium as the result of the proper use of Selocidc. 



Nov., 1938] HosJcins-^JBoyce^Lamiman: Selenium Sprays for Med Mites 


169 


SUMMARY 

A spray made by dissolving selenium in a solution of potassium ammo¬ 
nium sulfide in such proportions that the composition corresponds to 
the empirical formula (K NH 4 S)ciSe is effective for the control of mites 
on citrus and grapes. After several years’ use, there is no evidence of 
harmful effects upon the plants, and fruit injury has occurred to only a 
limited extent in certain districts. 

Analyses of citrus fruits has shown that the residue, which is mainly 
free selenium, is present to the extent of two to practically zero parts per 
million in the rind, according to the length of time between the applica¬ 
tion of the spray and the analysis. Analyses of the soil beneath sprayed 
trees showed that, after five years’ treatment, a maximum of two parts 
per million selenium occurred in the first 6 inches, but penetration to 
lower depths was very slow. Absorption from the soil resulted in only a 
few hundredths part per million selenium in the interior of citrus fruits. 

The residue upon grapes is somewhat gi*eater on account of the larger 
surface which they present to the sj^ray, and the aJialytical data indicate 
that they absorb somewhat more selenium from the soil. 

The data regarding the acute, subacute, and chronic toxic effects of in¬ 
gested selenium have been reviewed. There is considerable eviden(*.e that 
three parts per million selenium in the w^hole diet causes no symptoms of 
injury. Such an amount could not be obtained from citrus fruit or grapes. 
Hence it is conchided that i)roper use of the selenium-containing spray 
mentioned above on citrus and grajies, under the prevalent conditions of 
production in California, offers no hazard to public health. 
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TOXICITY STUDIES WITH ARSEMp IN 
EIGHTY CALIFORNIA SOIlW 

A. S. CRAFTS® AND B. S. ROSENFELS* 


INTRODUCTION 

The increasing use of arsenic in herbicides, insecticides, and soil ster- 
ilants presents problems of great economic importance. The farmer, 
needing practical methods for controlling pests, seeks the cheapest and 
most effective reagents, whereas the soils investigator must try to con¬ 
serve our agricultural areas for present and future generations. 

Arsenic, being cheap, readily available, and extremely toxic, is in 
constant demand for weed and insect-pest control and is recommended 
by many companies, often without specific knowledge of dosages re¬ 
quired, effective methods of application, or ultimate effects upon the soil. 

In the field use of arsenic, workers naturally ask what form is most 
effective for the particular type of treatment being used, how much will 
be needed for the desired results, and how long the results will last. The 
soils investigator wants to know what the effects of long-time accumula¬ 
tion of arsenicals in soils will be, whether the soil is permanently harmed 
when crop yields liave been reduced, and how one may remove or remedy 
the toxic condition resulting from arsenic in the soil. 

A previous publication presented data on arsenic toxicity® in four 

^ Received for publication January 17, 1938. 

® This paper was made ])ossible by the cooperative project on control of noxious 
weeds conducted by the California Agricultural Experiment Station and the Division 
of Cereal Crops and Diseases, Bureau of Plant Industry, United States Department 
of Agriculture. 

* Assistant Professor of Botany and Assistant Botanist in the Experiment Station. 

® Assistant Physiologist, Division of Cereal Crops and Diseases, Bureau of Plant 
Industry, United States Department of Agriculture. 

® Italic numbers in parentheses refer to “Literature Cited’^ at the end of this paper. 

® The term “toxicity'^ has acquired a wide variety of meanings. For purposes of the 
present group of papers (7, 13) the criterion adopted is the application of chemical 

causing an almost complete suppression of growth. This use of the word has developed 
because in the control of weeds the practical object is to inhibit development com¬ 
pletely. 
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California soils. The range of concentrations used in these early trials 
was not sufficient to show what changes in toxicity take place with re¬ 
peated cropping; furthermore, two of the soils used were not quite 
typical. The Stockton adobe clay for the first experiment was taken near 
a drainage ditch and proved to be mostly subsoil that behaved anoma¬ 
lously. The Columbia fine sandy loam was not so fertile and was coarser- 
textured than that used in later tests. A retest was therefore devised to 
correct these difficulties. 

When the results, which are presented in a later section, were compared 
with those of the previous experiment, it was impossible to formulate 
general relations between toxicity and soil type suitable for prescribing 
dosages. Therefore a simpler test was devised that could be used simul¬ 
taneously on many soils. The results of these simple comparative tests 
form the main subject of this report. 

MATERIALS AND METHODS 

Selection and Sampling of Soils .—In conjunction with the Division of 
Soil Technology at Davis, sampling areas for type soils were located on 
soil-survey maps. The samples, taken from the top 4 inches after removal 
of the surface debris, were collected during the summer dry season, and 
wherever possible, near fence lines or from similar locations where they 
had not recently been disturbed. 

After tran.sportation to Davis, they were pulverized to pa.ss a %-inch 
screen and were stored in hurlap bags in a dry place until used. Table 1 
presents descriptive data obtained from various soiirees (14, 15, 16). A 
casual survey will indicate the wide variety tested. Collected throughout 
the length and breadth of the state, the soils illustrate almost every tex¬ 
tural grade, mode of formation, color, and reaction; and most important 
agricultural soils are represented by one or more types. 

Biological Testing of Toxicity .—The biological testing method used in 
studying arsenic toxicity in these soils has been described {6, 9). It con¬ 
sists of growing a series of cultures in No. 2 cans in the greenhouse. The 
air-dry soils are weighed into the cans, which have been tared, bits of 
coarse gravel being added to bring them to a standard weight. The arsenic 
is added in solution in the Avater used to bring the soils to field capacity. 
Dry soil and solution are rapidly mixed, each in 3 successive portions to 
insure uniform distribution. After moistening, 13 Kanota oat seeds are 
planted in each can; and wrapping paper is laid over the cultures to 
prevent drying. The paper is removed as soon as the seeds germinate, and 
the plants are thinned to 10 at the end of the first week of growth. There- 
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after, they are watered as required by growth, sunshine, and humidity. 
After 30 days, they are cut off at the soil level. The fresh weights of 
the tops are recorded, and are used as a measure of toxicity of the arsenic 
applied. 

The stock arsenic solution is prepared by mixing 4 parts of screened, 
dry, arsenic trioxide, 1 part of C.P. stick caustic soda, and 3 parts of 
water. When heated slightly, this mixture goes into solution, giving a 
clear sirupy liquid containing 50 per cent As^Og by weight. The diluted 
solution for application to the soils is prepared by making up 10 grams 
of this to a liter. The resulting solution, containing 5,000 p.p.m. of AsgOg, 
is measured out with a burette and further diluted to the appropriate 
strength. This concentration of 5,000 p.p.m. is particularly convenient in 
making up cultures in 500-gram lots of soil, since the number of cubic 
centimeters added, multiplied by 10, gives the p.p.m. based on the weight 
of the air-dry soil. 

The concentration aeries used in the tests on the 80 soils ran as fol¬ 
lows ; 0, 15, 40, 80, 140, 220, 340, 490, 680, and 920 p.p.m. AsgO, in the 
air-dry soil. All series were run in triplicate. In determining the amount 
of water required to moisten these soils, a simple method has been used. 
When 50-gram lots of the soils have been weighed into test tubes, water 
is added—2.5 ec, 5.0 cc, 7.5 cc, or 10.0 cc, according to the textural grade 
of the soil. After 24 hours, the depth of the soil column moistened is 
measured, and the volume of water necessary to wet 100 grams of soil 
calculated. By an appropriate factor, the volume needed in the cultures 
is determined. This method has proved simpler and more satisfactory 
than determining the moisture equivalent, since it allows for the mois¬ 
ture present in the air-dry soil and for factors of soil preparation that 
must be considered in the latter method. 

Data on the water-holding capacities of the soils and on the weights of 
soil used in the cultures are reported in table 1. 

EXPERIMENTAL RESULTS 

Retests on Four Soil Types .—In order to remedy some of the difficulties 
experienced in the initial trial, a more extended experiment was set up, 
with an expanding series of concentrations ending with cultures contain¬ 
ing 3,000 p.p.m. 

The soils for this retest were more carefully selected than those in the 
earlier experiment. The Stoekt6n adobe clay was carefully selected from 
an area along a fence, undisturbed for many years and never affected 
except by shallow plowing. The Columbia fine sandy loam of this and 
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later experiments wm somewhat more fertile and a bit finer-textured 
than that of the previous tests. The Yolo clay loam and the Fresno sandy 
loam were the same. 


TABLE 2 

Toxicity of Sodium Arsknite in 4 Cauipoenia Soils as Shown by Growth op 
Indicator Plants ; Effects op Time and Cropping* 


Sodium arsenito 
expressed as 

Yolo clay loam 

Stockton adobe 
clay 

Fresno sandy loam 

Columbia fine 
sandy loam 

p.p.m. AsaOa 
in air-dry soil 


Fresh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 


First run* harvested December 20,1033 


p.p.m. 

cm 

gm 

cm 

gm 

cm 

gm 

cm 

gm 

10... 

36 

8.5 

18 

1.9 

20 

5.1 

32 

6.8 

30. 

35 

8.0 

16 

1 7 

26 

3.6 

32 

6.7 

60.. 

35 

7.8 

14 

1.2 

20 

1.9 

31 

5.9 

100... 

35 

7.5 

12 

1.0 

8 

0 7 

30 

5.5 

150 . . 

33 

6 6 

10 

0.9 

7 

0.5 

27 

4.8 

210. ... 

33 

6.2 

0 

0 8 

5 

0.1 

20 

2.6 

280. . 

31 

4 9 

10 

0 8 

0 

0 0 

9 

0 7 

360 

26 

3 3 


0 6 

0 

0 0 

7 

0 5 

450 

16 

2.0 


0 5 

0 

0 0 

3 

0 3 

550.. 

8 

0 8 


0 4 

0 

0 0 

0 

0.0 

660 

8 

0.6 


0 3 

0 

0.0 

0 

0.0 

780 .. . 

6 

0 4 


0 3 

0 

0 0 

0 

0 0 

910 . , 

4 

0.2 


0 2 

0 

0.0 

0 

0.0 

1,050 

3 

0 1 

4 

0 1 

0 

0 0 

0 

0 0 

Check. 

36 

9 1 

21 

2.0 

28 

5.5 

33 

7 3 


Third run, harvested May 31,1934 


p.p.m. 

cm 

gm 

’em 

gm 

cm 

gm 

cm 

gm 

10. 

34 

9 6 

21 

3 4 

26 

4.4 

29 

5.4 

30 . .. . 

34 

9.8 

21 

3.2 

26 

4 3 

28 

6.1 

60. 

34 

9 8 

22 

3.0 

25 

3.9 

28 

5.6 

100. 

32 

8.4 

20 

2.3 

23 

3.4 

26 

4.5 

150. 

30 

6 2 

19 

2 1 

20 

2.7 

21 

2.7 

210 . 

28 

5 3 

15 

1.4 

16 

1.8 

18 

2.0 

280 . 

24 

3 5 

11 

1.0 

13 

1.5 

14 

1.5 

360 . 

21 

2 5 

9 

0 5 

14 

1.3 

12 

1.2 

450 . . 

18 

2 1 

8 

0 4 

9 

0 8 

11 

0.9 

550. 

16 

1 8 

8 

0 3 

7 

0.5 

10 

0.6 

660 ... 

13 

1 3 

8 

0 4 

6 

0 2 

9 

0 5 

780. 

n 

0 1) 

8 

0 4 

6 

0 3 

8 

0 3 

910 

11 

0 6 

8 

0 4 

5 

0 1 

6 

0 2 

1,050 . ... 

11 

0 6 

8 

0 4 

0 

0 0 

6 

0.1 

1,200. 

10 

0 5 

7 

0.2 

0 

0 0 

0 

0.0 

1,360. 

9 

0 5 

7 

0.1 

0 

0 0 

0 

0 0 

1,530 .... 

8 

0.2 

0 

0.0 

0 

0.0 

0 

0.0 

1,710. 

7 

0 1 

0 

0 0 

0 

0.0 

0 

0.0 

Check ... 

30 

8.1 

20 

3.1 

23 

4 3 

26 

5.1 


* £aoh value given is an average of 5 replicates. 
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TABLrE 2— (Concluded) 


Sodium arsenito 
expressed as 

Yolo clay loam 

Stockton adobe 
clay 

Fresno sandy loam 

Columbia fine 
sandy loam 

p.p.m. AssOs 
in air-dry soil 

Height 

Fresh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 


Fifth run, harvested January 9, 1936 


p.p.m, 

10 ,. . 

30. 

60 . 
100... 

160 . 

210 . . 
280 

360 ... 

450 . . 

650.. . 

660 . 

780 

910 

1,050 

1,200 

1,360 

1.530 
1,710 
1,900 

2,100 . .. 

2,310 

2.530 . 

2,760 
3,000 
Chock , 


cm 

gm 

29 

5 9 

30 

6 3 

29 

6 0 

29 

6 5 

31 

6 9 

31 

6.4 

30 

6.1 

27 

4.9 

26 

4 5 

24 

3 7 

23 

3 1 

22 

2 7 

21 

2 4 

19 

2 0 

17 

1.5 

15 

1 2 

13 

1 0 

12 

0 9 

12 

0 9 

11 

0 7 

10 

0 7 

9 

0 5 

9 

0 5 

9 

0 5 

26 

5 0 


cm 

gm 

21 

2 4 

22 

2.8 

22 

2 6 

23 

3 4 

25 

3.7 

23 

3.0 

22 

2 8 

17 

1 9 

18 

1 7 

12 

1.2 

13 

1 3 

12 

1.2 

11 

1 2 

11 

1 1 

11 

1 0 

11 

0 8 

10 

0 7 

10 

0 5 

9 

0 5 

8 

0 6 

8 

0 4 

7 

0 3 

7 

0.3 

6 

0 3 

20 

3 0 


cm 

gm 

26 

3 7 

26 

3.5 

25 

3 5 

26 

3.5 

26 

3 4 

23 

2 8 

23 

2 6 

19 

1 9 

15 

1.4 

11 

0 8 

11 

0 7 

10 

0 6 

9 

0 5 

9 

0 5 

8 

0 3 

S 

0 3 

7 

0 2 

6 

0 1 

6 

0 1 

6 

0 1 

0 

0 0 

0 

0 0 

0 

0 0 

0 

0 0 

25 

3 5 


cm 1 

gm 

28 

4 8 

27 

4 8 

28 

5 3 

29 

5.4 

29 

5.4 

27 

4 6 

25 

3 4 

23 

2 7 

20 

1.9 

18 

1 5 

17 

1 4 

14 

1 1 

13 

0 9 

11 

0 7 

11 

0 6 

10 

0 5 

9 

0 4 

8 

0 4 

8 

1 0 3 

7 

0 3 

7 

1 0 3 

7 

0 3 

6 

0 3 

6 

0 3 

26 

4 5 


Seventh run, harvested November 14, 1935 


p.p.m. 

cm 

gm 

cm 

gm 

cm 

gm 

cm 

gm 

150 





16 

1 9 



210 





16 

1 9 

18 

2 7 

280 . 



14 

1.8 

14 

1 6 

16 

1 8 

360 . .. 

24 

5.4 

14 

1 6 

12 

1 5 

14 

1 5 

450.. 

24 

4 8 

12 

1.2 

11 

1 1 

13 

1 3 

550.. 

23 

3 9 

10 

1 0 

9 

0 7 

12 

1 0 

660 

21 

3 1 

10 

1 0 

8 

0 6 

10 

0 9 

780. 

20 

2 7 

10 

1.1 

8 

0 5 

9 

0 7 

910 

18 

2 3 

11 

1 1 

7 

0 4 

9 

0 6 


15 

1 7 

11 

1 2 

7 

0 4 

7 

0 4 


14 

1 5 

11 

1 1 

6 

0 3 

5 

0 2 

1,360 

13 

1 4 

10 

1 0 

6 

0 3 

4 

0 1 


12 

1 1 

8 

0 8 

5 

0 2 

4 

0 1 

1,710 

10 

1 1 

7 

0 6 

5 

0 2 

4 

0 1 


10 

0 8 

7 

0 4 

4 

0 2 

3 

0 1 


8 

0 6 

6 

0.4 

3 

0.1 

3 

0 1 

2,310 

7 

0 5 

5 

0.2 

0 

0 0 

0 

0 0 

2.530.. 

7 

0 4 

*5 

0 2 

0 

0 0 

0 

0.0 

2,760 . 

6 

0 5 

4 

0 2 

0 

0 0 

0 

0.0 


6 

0 4 

3 

0 1 

0 

0 0 

0 

0 0 

Check 

21 

4 2 

15 

2.2 

16 

2 3 

18 

3 0 

1 








Jan., 1939] 


Craftn—Bosenfels: Toxicity Studies with Arsenic in SoUs 


185 


When complete, this experiment contained 24 concentrations and 4 
checks, each consisting of 5 replicates. Similar series were established 
at about the same time for sodium chlorate and borax. The first 3 crops 
on the chlorate series were reported earlier (&), as were the first, third, 
and fifth crops of the borax tests (P). The first, third, fifth, and seventh 
crops of the present experiment on the arsenic series are given in table 2. 
In each run only the cultures having growth in one or more of the soils 
are reported, all higher concentrations having no growth. By the fifth 
run all concentrations in the Yolo and Stockton soils had so greatly de¬ 
creased in toxicity that plants survived in them. Since the lower concen¬ 
trations were producing crops as heavy as the checks or heavier, the first 
4 were not included in the seventh run in table 2; and even higher con¬ 
centrations were omitted in 3 of the soils. 

The most noticeable result of the retest is the difference in behavior of 
the Stockton soil. Though producing a low yield, the plants survived 
through the lowest 13 concentrations; a fact indicating a toxicity similar 
to that of the Yolo clay loam. The change in toxicity, furthermore, prac¬ 
tically kept pace wit h that of the Yolo soil. Evidently the results reported 
earlier (6) gave an inaccurate picture of the toxicity in adobe soils. 

Tests on Eighty Soils .—^Yield data on the eighty soils tested are pre¬ 
sented in table 3. Obvioiisly the toxicity results follow a definite pattern, 
toxicity being highest in the sands and lowest in the clays. There are a 
few notable exceptions, later to be considered in detail. The general rela¬ 
tion may be more easily scrutinized in the summary in table 4, where 
averages for the 5 soil groups are compiled. 

The water-holding capacities of the various soil groups, as shown in 
these averaged results, may be correlated with textural grade; and the 
arsenic toxicities show a related change. Conceivably, certain factors 
that enable the soil to hold water against the force of gravity are involved 
in the availability of applied arsenic to plants. 

For comparing soil groups, a series of toxicity values have been cal¬ 
culated, based upon the yield of the untreated checks; these results, pre¬ 
sented in table 4, are graphed in figure 1. Although the numbers in these 
averages are not gi'eat enough to give perfectly smooth curves and al¬ 
though the exceptional results on a few individual soils tend in places to 
overshadow the general relations, the correlation of toxicity and tex¬ 
tural grade is obvious. The expression of this relation, regardlefss of the 
crops produced, is the principal finding in this study. 

The relation of toxicity to textural grade is further illustrated by the 
crops in Oakley sand, Farwell loam, and Aiken clay loam shown in figure 
2. These series all contain a 5 p.p.m. culture; and all concentrations being 
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TABLE 3 

Toxicity op Sodium Aesenitb in 80 Calipoenia Soils as Shown by Growth 

OP Indicator Plants 


No. 


Soil type 


Araenio oonoentration—in p.p.m. basia air-dry aoil 


Date of harveat 


IS 

40 

80 

140 

220 

340 

490 

680 


920 


Freeh weight of planie 


Sands 





gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

1 

Holland loamy gravelly 












sand. 

Dec. 23. 1934 

1.8 

2.0 

1.5 

1 3 

0 6 

0.3 

* 



2 

Niland gravelly sand 

June 6, 1935 

m 

0.7 

ED 



« 




3 

Oakley sand 

Jan. 10, 1936 

1 0 

1 6 

1.3 

0.8 

0 4 

* 




4 

Rositas fine sand 

June 5, 1935 

1.2 

1 1 

mmm 

0 1 


* 




S 

Superstition giavelly 












sand 

Juno 5, 1935 

1.6 

1.3 

1 4 

0.9 

0 1 





6 

Tujunga sand 

June 4, 1935 


0 4 

0.6 

0.1 

* 






Gravelly and sandy loams 





gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

7 

Aiken gravelly loam . 

Dec. 23, 1934 

1 6 

1 7 

1 6 

1 8 

1.7 

1 8 

1 6 

0.4 

0.3 

8 

Arbiickle gravelly sandy 












loam. 

Dec. 23. 1934 

2 1 

2 3 

1 8 

1 9 

0 9 

0 3 

* 



9 

Chualar fine sandy loam 

Jan. 10, 1936 

5 3 

4 9 

2 8 

1 9 

0 1 


0 



10 

Columbia fine sandy 












loam .. 

June 4, 1935 

4 4 

4.8 

4.0 

3 0 

1 5 

0 3 

* 



11 

Corning gravelly loam . 

Dec. 23. 1934 

1 6 

1.5 

1 4 

1 2 

0 8 

0.3 

0 2 

• 


12 

Delano fine sandy loam 

Jan. 10, 1936 

4 5 

4.5 

3.9 

2.6 

0 9 

0 7 

0 1 



13 

Foster fine sandy loam. 

Jan 10,193G 

3 3 

2 8 

0 4 

0 1 


* 




14 

Fresno sandy loam 

June 4, 1035 

3 0 

2 2 

1 4 

0 1 

« 





15 

Greenfield coarse sandy 












loam. 

Jan. 10, 1936 

4 3 

3.8 

1 2 

0 3 

0 1 

• 




16 

Hanford sandy loam 

Jan. 10.1930 

4 3 

4 0 

2 5 

0.7 

0.2 

0 1 

* 



17 

Hanford fine sandy loam 

Jan. 10. 1936 

4 0 

3.4 

2 9 

1 0 

0 2 

* 




18 

Meloland fine sandy 












loam. 

June 5, 1935 

1.9 

1 9 

1.5 

1 0 

0 2 

* 




19 

Merced fine sandy loam 

Jan. 10, 1936 

4.4 

3 8 

3 1 

1.7 

0.4 

1 * 




20 

Oakdale coarse sandy 












loam .. 

Jan. 10. 1936 

3 0 

2 8 

2.4 

0 8 

0 I 


* 



21 

Ramona sandy loam. . 

June 5, 1935 

3.0 

3 0 

2 6 

1.6 

0 3 



* 


22 

R€»dding gravelly loam. 

Jan. 10, 1936 

3.3 

3 1 

2 8 

2 5 

2 1 

0 7 

0 1 

* 


23 

Rocklin sandy loam. 

Dec. 23. 1934 

1.5 

1 3 

1 2 

0 R 

0 5 

0 2 

0 1 


* 

24 

Salinas fine sandy loam 

Jan. 10,1936 

3.7 

3 5 

3.0 

1.9 

1 3 

0 5 

* 



25 

Sierra gravelly loam. 

Dec. 23. 1934 

1.8 

1.9 

1.6 

1.8 

1.6 

1.5 

0 7 

0 6 

0.2 

26 

Sierra sandy loam. 

Doc. 23, 1934 

3 2 

3 1 

2.7 

2 4 

1.2 

0.3 

0 1 

* 


27 

Sites fine sandy loam . 

Dec. 23. 1934 

1.9 

1 0 

1 4 

1 3 

0-7 

0 2 

0 1 



28 

Tulare fine sandy loam 

Jan. 10, 1936 

2.1 

1 8 

1 3 

0 3 

0 2 


* 



29 

Yolo fine sandy loam 

Dec 22. 1934 

3 5 

3 3 

3 1 

2 9 

2.6 

0 6 

0 3 

0 2 



Loams 





gm ' 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

30 

Egbert loam . . 

June 4, 1935 

3.9 

3.4 

3.2 

2.7 

2.2 

1.6 

1.0 

0.2 

* 


31 

Far well loam . 

Jan. 10. 1036 

7.3 

7.2 

6 1 

5 4 

3.2 

1 0 

0.1 

* 



32 

Grid ley loam . 

Jan. 10. 1936 . 

2 5 

2.7 

2.6 

2.5 

2.5 

0.5 

0.2 



0 

33 

Honcut loam.. , 

Jan. 10.1936 

4,1 

3.8 

3 4 

2.5 

1.3 

0.3 

0.1 

« 



34 

Madera loam . 

June 5.1935 

3.2 

2.7 

2.6 

2 2 

1 7 

0.5 

0.3 


0 


35 

Panoche light loam. 

Jan. 10, 1936 

2.7 

2.4 

2.2 

0 8 

0.2 

0.2 





36 

Pinole loam • 

Jan. 10, 1936 

1.4 

1.4 

1 4 

1 2 

0 0 

0 7 

0 5 


0 



* Seeds in cultures at this and higher concentrations failed to germinate. Fresh weight of plants in 
cultures between reported weight and point of no germination was Teas than 0.1 gram. 
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TABIiE 3 — {Concluded) 


No. 


Soil type 


Date of barveHt 


Areenic concentration—AssOa in p.p.in. basis air-dry soil 


Ifi 

40 

80 

140 

220 

340 

490 

680 


920 


Freeh weight of plants 


Loams— {Continued) 





0171 

0m 

0m 

gm 

gm 

gm 

gm 

gm 

gm 

87 

Placentia light loam. 

June 4, 1935 

2.7 

2 4 

2 2 

1.7 

0 1 


Hf 



38 

Pleasanton loam . .. 


4.4 

4.2 

mWm 

2 4 

0.6 

EQ 

4 > 



39 

Pond heavy loam. 

Jan. 10, 1936 

0.0 


* 







40 

San Joaq uin loam 

June 5, 1935 

3.4 

2.6 

2.7 

1.8 

1.3 

0 6 

0 2 


* 

41 

Tehama loam. 

Jan 10. 1936 

2.6 

2.4 

2.2 

0.8 

0.2 


* 



42 

Vina loam. 

Jan. 10. 1936 

3 3 

3 6 

3.4 

3 2 

3 0 

0 9 

0 2 


m 

43 

Yolo loam. 

Doc. 22. 1934 

3 8 

3.6 

3.5 

3 1 

2 2 

0 3 

0 2 

0.1 

* 


Silt and clay loams 




■■■■■■ 

JBM 


gm 

gm 

gm 

gm 

0 W 

gm 

gm 

gm 

44 

Aiken clay loam 

Jan. 10. 1936 

1.0 

1.0 

no 

0.9 

0.9 

0 8 

0 7 

0.6 

0.6 

0.3 

45 

Antioch clay loam. . 

Jan. 10, 1936 

3.9 

4.5 

3.9 

4.0 

2 8 

1.2 

0.5 

* 



46 

Arbuckle clay loam . . 

Dec. 23. 1934 

2.4 

2.4 

1.9 

1.9 

1.1 

1 3 

0 3 

0 1 

m 


47 

Chino silty clay loam 

June 5, 1935 

1.6 

1.5 

1 5 

1.4 

0.7 

0.1 


* 



48 

Columbia silty clay 













loam.... 

June 5, 1935 

4 2 

3 8 

3 7 

2 8 

2 7 

2 4 

2 4 

1 5 

1.1 

0 3 

49 

Marijiiosa silt loam 

Dec. 22, 1934 

Pin 

1 9 

1 8 

1.4 

1 5 

0.7 

0 6 

0.3 

• 


50 

Marvin silty clay loam . 

Jan. 10, 1936 

3 4 

3.0 

3.5 

3.1 

1 0 

0 7 

0 4 


• 


61 

Ramada silt loam 

Jan. 10. 1936 

6.5 

6.3 

6 2 

3.8 

1.6 

0.3 

0.1 

• 



52 

Sacramento clay loam 

Juno 6, 1935 

4.1 

4.2 

3 9 

2.7 

2 0 

0 8 

0 5 



• 

53 

Yolo Rilt loam 

Dec. 22, 1934 

8 9 

8 6 

6.9 

6.5 

3 4 

0.9 

0 3 

0 2 

* 


64a 

Yolo clay loam 

Dec. 22. 1934 

9 8 

9 4 

9 5 

8 8 

5 1 

1 4 


IQ 

♦ 


546 

Yolo clay loam 

June 4, 1935 

8 7 

8.8 

7 6 

6 9 

5 8 

4 0 


m 

• 



Clays 





gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

55 

Alamo adobe clay 

Jan. 10. 1936 

1 7 

1.7 

1.6 

1 4 

1 3 

0 7 

0 5 

0.3 

0.2 

0.1 

56 

Anita adobe clay 

Jan. 10.1936 

2.1 

2.1 

1.8 

1.7 

1 2 

1.1 

0 9 

0.7 


0.1 

67 

Capay adobe clay 

Dec. 23, 1934 

3.7 

3.7 

3 4 

3 5 

3 1 

2 1 

1.4 

1 5 

m 

ED 

58 

Clfsar Lake adobe clay . 

June 4, 1935 

1 6 

1.5 

1.4 

1 1 

1.1 

0 7 

0 4 

0.2 

til 


59 

Coriejo adobe clay 

Jan.10,1036 

1.8 

1.9 

1.5 

1 2 

0 8 

0 8 

0 7 

0 5 

itPi 

ED 

60 

Diablo adobe clay 

Jan. 10. 1936 

2 6 

2 4 

1 9 

1.5 

0 8 

0 4 

0 2 

0 2 

0.1 


61 

Dublin adobe clay 

Jan. 10. 1936 

IB 

4 9 

IB 

4 4 

4 3 

3.7 

3 2 

2 0 


0 3 

62 

Duniiigan clay 

Dec. 23, 1934 

IB 

1.8 

IB 

1 1 

0 3 

0 3 

0 2 

0 2 

• 


63 

Fsparto clay. . 

Dec 22, 1934 

4 4 

4 5 

m 

3 9 

3 2 

2.5 

1 4 

0 5 



64 

Far well adobe cla.v 

Jan.10.1936 

2.5 

2.4 

2.4 

1.9 

1 6 

1 2 

0.8 

0 7 


0 1 

65 

Fresno light clay 

Jan.10,1936 

1.0 

1.5 

1 3 

0.6 

0.4 

0 3 

0 2 

0 2 



66 

Imperial clay 

June 5, 1935 

3 0 

2 9 

2.8 

2 4 

2 1 

1 6 

0 8 

0 6 



67 

Landlow adobe clay 

Jan. 10, 1936 

1 8 

2 2 

2 1 

2 0 

1.7 

1 0 

0 s 

0 6 

0 2 


68 

Madera clay... . i 

Jan. 10, 1936 

2 3 

2.1 

1 7 

1 6 

1.1 

0 9 

0.5 

0 5 

0.1 


69 

Mei coil adobe clay. 

Jan.10,1936 

1 5 

1.5 

1 5 

1.3 

1 1 

1 1 

0.7 

0 4 

ral 

gm 

70 

Moutesiima adobe clay 

June 4,1935 

2.3 

2 1 

1 8 

1.2 

1.1 

0 9 

0.5 

0 3 

0.2 


71 

Montezuma adobe clay 

Jan.10.1936 

2,1 

2.3 

WWm 

2 1 

1 9 

1 0 

0 5 

0.1 

• 


72 

Panoche adobe clay 

Jan. 10. 1636 

8 1 

8.1 

6.9 

6 6 

5 4 

3 7 

2 3 

0 7 

0 4 

gtPB 

73 

Porterville adobe clay 

Jan. 10, 1936 

4.2 

3.8 

3.5 

2 0 

0.9 

0 3 

0 2 

0 2 

* 


74 

Salinas clay .... 

Jan.10.1936 

3 5 

3.5 

3.3 

3 2 

1.1 

0 3 

0.2 j 


* 


76 

Sites adobe clay 

Dec. 22, 1934 

2.8 

3.0 

2 5 

PWil 

1.6 

1 1 

0 5 1 

0 3 


ED 

76 

Stockton adobe clay 

April 24. 1936 

2.9 

2.3 

1 8 

1.8 

1.5 

0 8 

0 6 

0.4 



77 

Tulare clay . . 

Jan. 10, 1036 

1.6 

1.5 

1 4 

ED 

0 3 

0 1 

* 




78 

Willows adobe clay . 

Dec. 23, 1034 

2 0 

2 2 

1.9 

1 6 

1 2 

0.7 

EB 

0.4 

ED 

ED 

79 

Yolo adobe clay. 

Jan. 10, 1936 

1.9 

1.9 

1.7 

1.5 

0.7 

KQ 

0 1 


* 


80 

Yolo clay. 

Deo. 22.1034 

4.4 

4.8 

4.4 

4.5 

4.1 

3.9 

2 6 

2.2 

m 



* Seeds in cnlturee at this and higbor conoentrattons failed to germinate Fresh weight of plants in 
cultures between reported weight and point of no germination was less than 0.1 gram. 
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comparable in the 3 series, the heavier soils show obviously lower toxici- 
ties, while crop-producing power (table 3) varies in no regular way with 
textural grade. 

Figure 3, showing 3 toxicity series in adobe soils, further illustrates 
this point. Although the crop yields vary widely, being high in the 
Panoche soil, intermediate in Dublin, and low in Merced (table 3), 
toxicities are strictly comparable in the 3 soils. These series lack the 
5-p.p.m. cultures but have the 920-p.p.m. ones. 

TABLE 4 

8UMMARY OF RESULTS; ToXICITY OF SOPIUM AeSENITE IN CALIFORNIA SOILS 
A.S Shown by Growth of Indioatoe Plants 


Wat er 

Arsenic (K>ncentration—AsjOa in p.p.in. 

on the basis of air-dry soil 

0 

15 

40 

so 

140 

220 

340 

490 

680 

920 


Fresh weight of plants 



per 

gm 

gm 

gm 

g?n 

gm 

gm 

gm 

gm 

gm 

gm 


cent 











Sands 

11 4 

1 33 

1 18 1 

1 02 

0 53 

0 18 

0 05 





Gravelly and aantly loams 

14 3 

3 12 

2 88 

2 20 

1 46 

0 77 

0 33 

0 14 

0 05 



Loams 

17 9 

3 49 

3 26 

3 04 

2 33 

1 48 

0 52 

0 21 

0 02 



Silt and clay loams 

22 7 

4 71 

4 66 

4 28 

3 68 

2 46 

1 22 

0 57 

0.28 

0 14 

0 05 

Clays 

27 6 

2 82 

2 79 

2 50 

2 18 

1 70 

1 23 

0 81 

0 52 

0 18 

I 0 08 


Resvilts expressed as a pereentjige of cheeks 



per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

per 

cent 

Sands 

11 4 

100 

88 8 

76.7 

30 6 

13 5 

3 8 





Gravelly and .sandy loams 

14 3 

100 

91 6 

70 5 

46 8 

24 6 

10 6 

4 5 

1 6 



Ixianis 

17 9 

100 

93 5 

87 1 

66 8 

42 4 

14 0 

C 0 

0 6 



Silt and clay loams 

22 7 

100 

99 5 

91 0 

78 1 

52 3 

25 9 

12 1 

5 9 

3 0 

1 1 

Clays 

27 6 

100 

99 2 

88 6 

77 4 

60 3 

43 6 

28 7 

18 4 

6 4 

2 8 


A more detailed study of the data in table 3 shows many minor varia¬ 
tions in toxicity within the groups designated on the basis of soil texture. 
Though the general relation shown between texture and toxicity is val¬ 
uable, its usefulness would be enhanced if the exceptions conld be ex¬ 
plained and anticipated in the field, as is possible in several cases. 

The soils most obviously out of agreement are Aiken gravelly loam, 
Aiken clay loam, and Columbia silty clay loam. The two Aiken soils— 
residual soils from basic igneous rock—^are deep red. They have demon¬ 
strated an immense capacity to render phosphate unavailable and by 
analogy should do the same with arsenic. Tests in the field and green¬ 
house show this to be true. Earlier, the red iron oxide content of these 
soils was thought to explain their immense capacity to reduce ar.sei’ic tox- 
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icity (10). Judging from recent experiments, however, peculiar colloids 
at least partly accjount for this phenomenon. This property of rendering 
arsenic unavailable, though common to all red sods, is less pronounced 
in those from acid igneous rocks. Among the gravelly and sandy loams 
(in addition to the Aiken), the Corning, Delano, Bedding, Rocklin, Sierra, 
and Sites soils all contain more or less of this material and all show rela¬ 
tively low toxicities. Incidentally, red iron oxide has been'used to lower 



1.—Tlie relation between textural grade and arReiiie 
toxicity from the summarized results of table 4. 


arsenic solubility in filter beds made of soil (10). A great capacity for 
reducing arsenic toxicity is apparently characteristic of all red soils used 
in these tests, so that dosages must be set with this factor in mind, more 
arsenic being required than would ordinarily be applied on the basis of 
textural grade alone. 

The Columbia soils, i-ecent alluvial deposits from the floodwaters of 
the Sacramento River, come from a mixture of acid and basic igneous 
rocks from the Sierras with sedimentary rocks from the Coast Range. 
During deposition, the heavier particles settle out along the river banks, 
while the finer ones are deposited farther from the main channel. To 
obtain a silty clay loam it was necessary to visit the very edge of the 
alluvial deposits. The source of soil used in these experiments was a spot 
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Fig. 2.—Culture series in Oakley sand, Farwell loam, and Aiken clay loam 
illustrating the relation between textural grade and arsenic toxicity. The AsaO, 
concentrations are 680, 490, 340, 220, 140, 80, 40, 15, 5, and 0 p.p.m., based on 
the air-dry soil. 

about 3 miles west of Sacramento near the main liighway, where the 
Columbia soil occurs as a thin layer about 18 inches deep, overlying an 
extremely heavj^ black Sacramento clay. Such a soil might be expected 
to contain a large proportion of the colloidal fractions characteristic of 
the soils from the three available rock sources. Though the sample used 
contained considerable silt, it undoubtedly had, in addition, enough 
colloids from the red Aiken and Sierra soils and the brown Yolo soils to 
explain the low toxicity. The coai:ser Columbia fine sandy loam obtained 
only a few miles farther north consisted largely of fine sand and silt, 
without enough of these active colloids to give it an unusual behavior. 
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Fig. 3.—Culture series showing arsenic toxicity in Panoche adobe clay, Dublin 
adobe clay, and Merced adobe clay. Altliough fresh-weight yields of crops on 
these soils vary widely, the toxicity is approximately the same in all three. These 
series lack the 5 p.p.m. cultures. The AsaOs concentrations are 920, 680, 490, 340, 
220, 140, 80, 40,15, and 0 p.p.m. 

Exceptional results are also shown by the Yolo soil in these experi¬ 
ments. Being easily obtainable, a full series of textural grades of this 
soil was used to show the effect of particle size within a single soil series. 
The choice of the Yolo series for this purpose was unfortunate in that the 
two lighter types act like heavy soils, whereas the adobe behaved like a 
lighter type. The behavior of the lighter types may be explained by their 
colloids, which have an extreme capacity to render arsenic unavailable. 
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This observation has been made for phosphates but has no important 
bearing on crop production, since phosphorus is apparently not deficient 
in Yolo soils. In soil sterilization with arsenic, however, this capacity is 
a critical factor, for Yolo soils in the field require heavy arsenic appli¬ 
cations (5), and toxicity decreases rapidly after the initial treatment 
(5, 6, and table 2), 

The abnormal behavior of the Yolo adobe clay is less readily explained. 
This soil required no more water for moistening than the clay and less 
than the clay loam. Though its colloids are of such a form as to give this 
soil adobe characteristics, the total colloid content may be less than that 
of the other two grades. As is shown in another paper in this issue ( 13, 
table 3), the capacity of this soil to render arsenic insoluble after several 
weeks is less than that of the clay. 

DISCUSSION 

To be widely applicable, the general relations brought out by these 
studies should rest upon chemical interpretation and practical confirma¬ 
tion through field-plot testing. Chemical studies on a number of these 
soils appear in an accompanying paper (13 ); a few field-plot tests will 
be mentioned here, but plot results will be presented more completely in 
a later paper. 

The general problem of toxicity measurement has been discussed in 
detail by Cook (2,3,4). The present method of measuring and reporting 
height and fresh weight of the indicator plants 30 days after planting in 
soils moistened with the herbicide solutions was standardized several 
years ago and has proved entirely satisfactory. These values, however, 
are only comparative; for practical use they must be calibrated by check¬ 
ing against graded series of treated plots. Although this cheeking has not 
been extensively done, growing of the indicator plants on soils from plots 
having known degrees of sterility has shown that yields of 0.2 gram or 
less per can represent practical sterilization. Such comparisons seem 
suflSciently reliable to justify a tentative schedule of dosages, offered 
later in this paper. 

Since fresh weight is by far the more valuable of the two toxicity cri¬ 
teria used, height has been omitted from tables 3, 4, and 5. Obviously, 
relative growth rate (4) cannot be used as a criterion of toxicity in the 
type of testing reported here, since the soil cultures could not be returned 
to the original weight for detej-mination of growth increments The work 
involved in repeated weighings on the large numbers of cultures run 
simultaneously in these tests w'as, furthermoi*e, not feasible. 
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Before making the more practical interpretations, the errors and lim¬ 
itations of the biological testing methods used should be considered. 
Since the greenhouse in which these tests were conducted had only par¬ 
tial temperature control and practically no control of light, humidity, 
and length of day, results from culture series run at different seasons 
vary. Table 5 reports tests conducted at different dates upon the same 
soils. These data illustrate variations in toxicity resulting from the lack 
of constant culture conditions and, in the cases of Yolo clay loam and 
Stockton adobe clay, from the use of different samples. They emphasize 
the desirability of conducting comparative tests simultaneously on as 
many samples as possible. The soils in table 3 were tested in 3 lots, 2 of 
20 each and 1 of 40. Though testing all 80 at one time would have been 
better, the work presents practical difficulties. Had it been done, the 
general relation shown between texture and toxicity would probably not 
have been appreciably changed. 

The moisture conditions of the cultures are another matter for con¬ 
sideration. One might think that allowing the cultures to dry down 
periodically to the i^ermaneut wilting point would increase the arsenic 
concentration and lienee the toxicity. In certain series, the moisture was 
varied in a number of soils (footnotes ^ and 11, table 5). Judging from the 
results, arsenic toxicity is not seriously affected by the method of water¬ 
ing. This matter will be discussed more fully in a companion paper (13). 

The biological test is definitely limited in scope by the sensitivity of 
the indicator plant. Since, however, the practical application of the 
results is in weed control, this drawback is not serious. The biological 
method, furthermore, gives a direct index to the availability and hence 
to the toxicity or crop-limiting power of the toxicant, which is impossible 
to obtain by chemical analysis. Considering the ea.sy operation and the 
simple, inexpensive equipment needed, this method is very practical for 
testing toxicity of herbicides in soils. 

RECOMMENDED DOSAGES OF ARSENIC FOR SOIL 
STERILIZATION 

Clearly, these studies show that arsenic dosages for soil sterilization wiU 
vary between wide limits. Recommendations can at best be only approxi¬ 
mate because of the complex relations between toxicity as related to 
availability, permanence as affected by leaching, and susceptibility as 
determined by the arsenic tolerance of the weed species concierned. Table 
6 presents a dosage schedule based on plots and the present toxicity 
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TABLE 5 

Comparative Results of Toxicity Tests on Repeated Runs with Bodium 
Arsenite in California Boils 





Arsenic concentration—A b 20« in p.p.m. on the basis of 








air-dry soil 




Soil type 

Run 

No. 

Date of harvest 

0 

15 

40 

80 

140 

220 

340 

490 

680 

920 




Fresh weight of plants 




Qm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 

gm 



1* * * § 

June 10.1983*.. 

4.6 

4.6 

4.4 

4.1 

3.0 

1.7 

0.3 

0.1 



Columbia fine sandy 


Ut 

Dec. 29.1933t 

7.3 

6.8 

6.5 

6,7 

6 0 

2 2 

0.5 

0 1 



loam. . 


at 

June 4.1935t 

4.4 

4.8 

4.0 

3.0 

1.5 

0.8 







Us 

Apr. 24. 1936§ 

13 6 

11.1 

9.9 

5.5 

1.4 

0 2 





Delano fine sandy 
loam. 


u* 

2^ 

Jan. 10. 19361 
Mar. 16.19375 

4.5 

2 9 

4.5 

2.5 

3 9 
1.8 

2.6 

0.7 

0.9 

0.3 

0 7 
0.5 

0.1 





l3!l 

Mar. 16,103711 

2 6 

2.2 

1.7 

0.6 

0.3 

0.2 







[!♦ 

June 10,1933* 

2 9 

2 4 

1 4 

0.6 

0.4 

0 2 







2t 

Dec. 29.19331 

5 5 

4 6 

3.1 

1.2 

0.5 

0 1 





Fresno sandy loam 


3t 

4§ 

June 4, 1935t 

Apr. 24. 1936§ 

3 0 

7 2 

2.2 

4 0 

1 4 

2.6 

0 1 

0 5 

0 2 








65 

Mar. 16. 19375 

4 7 

3 8 

2 2 

0 7 

0 2 

0 2 







1611 

Mar. 16.193711 

4 4 

4 3 

2 3 

0.6 

0 2 






Greenfield coarse 
sandy loam 


^it 

21 

Jan. 10, 1936t 
Mar. 16,19375 

4 3 

3.2 

3 8 
2.7 

1 2 
1.1 

0 3 

0 7 

0 1 

0 3 







.311 

Mar. 16, 193711 

1 4 

1,7 

0.9 

0.6 

0.2 









Dec. 23.1934t 

3.2 

3.1 

2.7 

2.4 

1.2 

0 3 

0 1 




Sierra sandy loam 


21 

Mar. 16, 19375 

3 0 

2.5 

2.3 

1.6 

0.7 








.311 

Mar. 16, 1037|| 

2.3 

2 2 

2.0 

0.3 

0 1 






Yolo fine sandy loam. 

1 

^2§ 

Dec. 22, 1934t 
Apr. 24, 1036§ 

3.5 

5 4 

3.3 

5.6 

3.1 

4.7 

2 9 

4 4 

2 6 

2 4 

0.6 

0.4 

0 3 

0.2 




1 

'u 

June 4,1935t 

3 9 

3 4 

3.2 

2.7 

2 2 

1 6 

1 0 

0 2 



Egbert loam 


25 

Mar. 16, 19375 

8 2 

8.6 

8.4 

8.5 

5 7 

3 7 

2 3 

1.1 

1 1 

0 4 


1 

.311 

Mar. 16, 1937|j 

5 8 

5.2 

6.6 

5 3 

4.1 

3.8 

1.6 

0 6 

0.7 

0 1 

Aiken clay loam 

1 

'n 

Jan. 10, 1936t 

1 0 

1 0 

0.9 

0 9 

0.9 

0 8 

0 7 

0 6 

0.6 

0 3 

1 


Apr. 24. 1936$ 

3 2 

3 5 

3.4 

2 9 

2 4 

2 2 

2.1 

1 8 

1 1 

0.7 

Arbuckle clay loam 

{ 

'it 

Dec. 23. 1934t 

2.4 

2 4 

1 9 

1 9 

1 1 

1 3 

0.3 

0.1 



1 

M 

Apr. 24 1936$ 

4.5 

4 2 

3.6 

3.3 

3.0 

2.9 

1.5 

0.4 




1 

'it 

June 5, 1935t 

4.1 

4 2 

3.9 

2,7 

2.0 

0.8 

0 5 




Sacramento clay loam 

< 

25 

Mar. 16. 19375 

5.2 

5.3 

6.4 

4.9 

4 0 

3.7 

2 0 

I 0 

0 8 

0.1 


J 

.31! 

Mar. 16,193711 

2.1 

3 5 

3 5 

3.1 

2.6 

2.8 

2 1 

0.7 

0.1 



• By iiitorpolation from Crafts (5). 

t By interpolation fiom table 2. 

t From table 3. 

§ From Crafts (7). 

I From Rosenfels and Crafts (IS); watered daily. 

II From Rosenfels and C’rafts (/5); watered as needed 
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TABLE 5— (Concluded) 


Soil type 

Run 

No. 

i 

Date of liarvest 

Arsenic concentration—AssOt in p.p.m 
air-dry soil 

. on the basis of 

0 

15 

40 

80 

140 

220 

340 

400 

i 

680 

920 

Fresh weight of plants 





gm 

! gm 

gm 

gm 

gm 

gm 

gm 

1 gm j 

! gm 

gm 




June 10, 1933*,« 

8.6 

8.6 

7.6 

7.2 

5 7 

4.8 

2.3 

lEl 

I 0 3 




2t.“ 

Dec. 20. 1033t,» 

9.1 

8.4 

7 9 

7.6 

6.7 

5.8 

3.7 

1 ^ ^ 

0.5 

0.2 

Yolo clay loam .... 


3t.» 

Deo. 22. 1934t,» 

9.8 

9.4 

9 5 

8 8 

5 1 

1.4 

0 4 

0.2 






June 4, 1936tfc 

8.7 

8 8 

7.6 

6.9 

5 8 

4 0 


0 4 



1 


151/ 

Apr 24, 19365.« 

18 6 

17.5 

14 2 

12.4 

8.9 

5.4 

ID 






fiv 

June 10, 1933*,<» 

2 9 

2.3 

Bra 

IH 

0.5 

0 2 

0.1 

0 1 

Bl 


Stockton adobe clay 



Dec. 29, 1933t.'‘ 

2 0 

1.8 

1 6 

1.1 

lilM 

0 8 


0 5 

03 

0.2 




Apr. 24,1936t‘’ 

2.9 

2 3 

1 8 

1.8 

1 5 

■g 

0 6 

0 4 

ID 



1 

fit 

Dec. 22. 1934t 

4 4 

4.8 

4 4 

4 5 

4 1 

3 9 

2.6 

2.2 

1.0 

0.1 

Yolo clay. 


2T 

Mar. 16.19371 

4 1 

3.8 

3 6 

3.1 

2 8 

2 5 

0 9 

1 0 

0.1 




1311 

Mar. 16, 193711 

3 5 

3.3 

! 

3.2 

3.3 

2 9 

1 5 

1 3 

1.3 

0 5 

H 



It 

Jan. 10.1036t 

1.9 

I 

1 0 

1 7 

1 5 

0.7 

0.2 

0.1 



■ 

Yolo adobe clay. 


21 

Mar. 16.19371 

3 2 

3 3 

3 3 

2 8 

1 6 

1 1 

0.1 

0 1 


■ 



.311 

Mar. 16. 1937|| 

2 8 

2 8 

2 7 

2 8 

2 0 

1 7 

0 1 



■ 


• By interpolation from Crafts (S). “ Soil sample collection in 1932 

t By interpolation from table 2. Soil sample collection in 1933. 

t From table 3. * Soil sample collection in 1935. 

$ From Crafts (7). 

I From Rosenfels and Crafts {IS ); watered dail.x. 

II From Rosenfels and Crafts (/3); watered as needed. 


studies in the greenhouse. The groupings are somewliat arbitrary and 
require liberal interpretation to meet specific problems. 

In the high-toxicity group are the coarse, gritty soils having little col¬ 
loidal matter. Such soils not only are common on the alluvial fans and 
upper flood-plain areas of the large valleys of California but also occur 
as surface material in many foothill and mountain regions, on old valley 
fills, bench lands, wind-modified areas, and heavily leached areas. Lands 
of this type are developed by man by the deposition of gravel and rock 
in roadways, railroad roadbeds, parking areas, and various yards and 
lots used for stacking lumber and the raw materials for manufacture. 
Vast areas of such lands could be profitably sterilized with arsenic with 
little poisoning hazard to livestock and at a great saving of hand labor. 

In the intermediate-toxicity range lie the loams, silt loams, and those 
clay loams that are developed directly from acid igneous rocks or highly 
weathered from other rocks; also lighter soils from basic igneous and 
sedimentary rocks. Many agricultural soils of California lie in this range, 
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aud their successful sterilization requires appreciably heavier dosages 
than with the high-toxicity type. 

The heavier soils of the clay and adobe clay types, together with the 
intermediate red soils from basic igneous rocks and brown soils from 
sedimentary rocks, demand heavy arsenic dosages; and their successful 
sterilization requires special technique in application. 

In soil sterilization, two factors should be kept in mind: first, the im¬ 
mediate effect of the application; second, the persistence of the treat¬ 
ment. Application of a heavy dosage to sterilize the soil for a long time 


TABLE 6 

Dosaqz Recommendations for the Use or Arsenic in Son. Steriuzation 

ON Caufornia Soils 


Soil 

Toxicity 

group 

Dosage,* 
AsaOst 
pounds per 
square rod 

Texture 

Type 

Factors affecting 
arsenic availability 

Light and Cfiarse 

Sands and gravels, sandy 

1 Normal 

High 

2- 4 


and fine sandy loams 

\Red or recent alluvial 

Intermediate 

4 8 

Medium 

Loams and silt loams 

/Normal 

Intel mediate 

4- ft 



\Ked or 1 ecent alluvial 

Low 

12 

Heavy 

Clay loamsL clays, and 

f Normal 

Low 

8-12 


adobe clays 

\Red or recent alluvial 

Very low 

12 20 


* Values given in tins table represent total dosages; this amount may bo applied in several light 
treatments to meet the requirements of heavy soils or conditions of severe leaching. 

t Since commercial sodium arsonite vanes in A 82 O 3 content, the weight of sodium arsenite required 
per square rod will depend upon the composition of the particular product being used. 

t Clay loams from acid igneous rocks belong in the intermediate toxicitv group and require a dosage 
of about 6 pounds per square rod. 

would on first thought seem most economical. "Where, however, leaching 
is severe (annual precipitation of 30 inches or more) or where the soil 
colloids cause low toxicity, losses of arsenic will be high, and the per¬ 
sistence of the treatment may not meet expectations. Under these latter 
conditions, a light annual application, though increasing the cost, mini¬ 
mizes losses from leaching and other causes. Evidently soils in the low- 
toxicity range require this type of treatment. 

Leaching is an important factor in arsenic treatment of soils. Thus, 
Raynor found ( 12 , p. 28-29) that the depth of penetration of sodium 
arsenite was influenced by the date of application since this was related 
to the rainfall. Under constant leaching, as in the banks of an uulined 
irrigation ditch, soil sterilization-is not effective, all of the arsenic being 
removed by the seeping water. In regions of heavy rainfall, sterilization 
upon a given soil type is less permanent than in arid regions. 
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In connection with sterilization methods, arsenic trioxide (white ar¬ 
senic) should be mentioned. This material, already used in plot studies 
(5), promises to become more popular when its special characteristics 
are better understood. Being relatively insoluble, it will lie in the soil for 
a year or more and gradually pass into solution, becoming tied up in 
high concentration in the top soil. According to experiments under cen¬ 
tral California conditions, one year is required to develop an effective 
toxicity in the soil. After the first year it is as effective as sodium arsenite, 
and because of its slow solution it lasts somewhat longer. This dry mate¬ 
rial, mixed with enough chlorate to give sterilization during the first 
year, should be the best reagent on heavy soils. Plot tests apparently 
bear out this conclusion (5). 

In contrast to the retention of arsenic in the surface layer, common on 
heavy soils, a 12- to 20-inch penetration of sodium arsenite solution is 
common in light soils (5). This may be advantageous in controlling shal¬ 
low-rooted perennials (5, 1£). Consequently, the form of arsenic used 
should be related to the problem, and its varied behavior utilized to ac¬ 
complish the ends in view. 

The problems posed in the Introduction may be answered, at least in 
part, from the results of these studies. Concerning the type of arsenic 
compound to use in soil sterilization, the answer has already been indi¬ 
cated. For immediate results and for deep penetration on sandy soils 
from acid igneous rocks, sodium arsenite is preferable. In many other 
soils, especially heavy ones, red ones, and those from sedimentary rocks, 
decrease in toxicity is a serious factor; and to avoid excessive loss, either 
light annual application of sodium arsenite or the use of the less soluble 
trioxide seems advisable. 

RECLAMATION OP ARSENIC-TREATED SOILS 

Prom the soil-conservation standpoint, the slow accumulation of arsenic 
from compounds of low solubility to a toxic level in the soil is a serious 
problem (11). It means that a large reserve of insoluble arsenic is pres¬ 
ent, and that reduction in available arsenic must depend largely upon 
extensive leaching or upon the supplying of additional material capable 
of rendering arsenic unavailable. Though the use of iron oxides, or possi¬ 
bly red soils like Aiken clay loam, as soil amendments to reduce such 
toxicity offers an interesting field for research (1), nevertheless the 
slow solution of the residual, slightly soluble arsenic in the soil presents 
further difficulties. Apparently the continued use of arsenicals of low 
solubilty as insecticides on crops should be avoided, at least on light soils, 
for this method seems the best for providing lasting soil sterilization. 
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Where crop reduction follows the application of sodium arsenite, table 
2 (p. 183) indicates that the toxicity may be greatly reduced over a period 
of time; and if the damage is not excessive, the soil may be reclaimed 
for agricultural use. But crop reduction following the continued use of 
slightly soluble arsenicals is a different matter; for the large reserve of 
arsenic present constitutes a supply capable of producing a long-con¬ 
tinued toxicity. For reasons indicated above, even the use of soil amend¬ 
ments may not solve this problem. Where serious sterilization occurs, 
leaching would seem the only answer. Arsenic applications have not been 
effective below the water line in unlined irrigation ditches, and appar¬ 
ently the slow percolation of water will carry away almost any amount 
of arsenic in time. 

SUMMARY 

Biological tests show that arsenic toxicity is high in Fresno sandy loam, 
intermediate in Columbia fine satidy loam, and low in Yolo clay loam 
and Stoe-kton adobe clay. Variation from previous tests may be explained 
by differences in the soil samples. 

Repeated cropping shows that arsenic toxicity decreased in all 4 of 
these soils until, with the seventh crop, plants in the Yolo and Stockton 
soils survived in cultures containing 3,000 p.p.m. As^O., in the air-dry 
soil. In the first crop test, no plants grew in CTiltures having more than 
1,050 p.p.m. AsoOs. 

With repeated cropping, differences between Fresno and Columbia 
soils diminished. Though the limiting arsenic concentrations with the 
first crop were 280 and 550 p.p.m. As^Oj, respectively, plants survived 
in cultures having 2,100 p.p.m. or more by the seventh cropping. 

According to extensive tests involving short toxicity series in 80 Cali¬ 
fornia soils, arsenic toxicity can be correlated with texture, being high 
in sandy soils and low in clays. The most notable exceptions occur among 
the red soils, all of which, by rendering much arsenic unavailable, act like 
heavier types. 

Arsenic sterilization on coarse, gritty soils in California requires a 
dosage of 2 pounds As^Oa per square rod. 

Loams, silt loams, and those clay loams that are developed directly 
from acid igneous rocks or are highly weathered from other rocks require 
from 4 to 6 pounds per square rod. 

Clays and adobe clays and some clay loams demand applications of 
from 8 to 12 pounds per square rod. 

Red soils or recent alluvial soils from sedimentary rocks require ap¬ 
proximately twice as much arsenic for a given type. 
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Light annual applications of soluble arsenic or use of dry arsenic 
trioxide with the addition of about 10 per cent sodium chlorate may be 
less wasteful on soils that render much arsenic unavailable. 

Heavy leaching tends to reduce the concentration of available arsenic 
in the soil. 
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ARSENIC FIXATION IN RELATION TO THE 
STERILIZATION OF SOILS WITH 
SODIUM ARSENITE’ = 

R. S. BOSENFELS“ and A. S. CRAFTS* 


INTRODUCTION 

Data peom gkeenhouse experiments on the toxicity of arsenic to oats 
in 80 Califoi'nia soils are reported by Crafts and Rosenfels (7)“ in another 
paper of this issue. In most of the soils tested, texture predominated as 
a determiner of toxicity; tliat is, toxicity was greatest in light and least 
in heavy soils. The few exceptions to this general rule are explained by 
the content of iron comi)ounds of the soils (as indicated by their reddish 
color) or by the properties of the soil colloids. A similar relation between 
toxicity and soil texture has been noted by Cooper, et al. {4 and 5), Albert 
and Arndt (2), and Albert (J) working with South Carolina soils, and 
Reed and Sturgis (11), working with Ijouisiaiia soils. 

Tlie total arsenic content of a soil has not proved to be a satisfactory 
criterion of toxicity. As Vandecaveyc, Horner, and Keaton (15) have 
shown, arsenic toxicity to barley is moi’e closely correlated w’ith the frac¬ 
tion soluble in 0.1 N ammonium acetate solution than with the fraction 
soluble in hot cojieentrated UNO;,. The results of Reed and Sturgis (11) 
show that the total arsenic content of the soil does not determine toxicity 
to rice. They indicate that toxicity is more closely correlated with arsenic 
soluble in 0.05 N JICl than with that .soluble in water. According to Al¬ 
bert and Arndt (2), arsenic soluble in a collodion-bag dialysate is a 
reliable index of toxicity, whereas total arsenic is not. Greaves (9) has 
found 110 correlation between total and water-soluble arsenic in orchard 
soils. 

Judging from other researches, not concerned directly with toxicity to 
plant growth, soils vary w'idely with respect to capacity for arsenic fixa- 
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tion* and retention against leaching. In the work of Schulz and Thomp¬ 
son (13), sodium arsenite was readUy leached from a Wisconsin forest 
soil. McGeorge (10), on the other hand, showed by lysimeter experiments 
that sodium arsenite was strongly held despite excessive leaching by 
certain Hawaiian soils; he also found that soils varied in their capacity 
to fix soluble sodium arsenite. According to Dratschew ( 8 ) also, soils 
vary in capacity for arsenic adsorption. Stewart (14) records further 
evidence of variation between soils, showing that water extracts of vari¬ 
ous soils diflfer markedly in their capacity for dissolving lead arsenate. 

The general principle may therefore be advanced that toxicity is di¬ 
rectly related to the water-soluble, the dilute-acid-soluble, or some similar 
fraction of the total arsenic. This holds true whether one is dealing with 
the native arsenic in an untreated soil or with the arsenic applied as a 
soluble or an insoluble salt. Applied to the relation between toxicity and 
textural grade, this principle leads one to suppose that in heavy soils less 
arsenic is water-soluble for a given application, than in light soils. Since 
the ability of some soils to fix arsenic is greater than that of others, one 
may explain the relation of toxicity to textural grade by assuming a 
greater fixation of soluble arsenic in heavy soils than in light. In the pres¬ 
ent work, this assumption was submitted to experimental test; that is, 
an attempt was made to determine whether or not the toxicity of sodium 
arsenite in California soils, measured by greenhouse tests already re¬ 
ported (7), could be explained by arsenic fixation. 

METHODS 

The greenhouse technique in the determination of arsenic toxicity has 
been described in detail in the previous paper of this issue (7, p. 181). 
Results obtained by the method outlined are also given for 80 California 
soils (7, table 3) as yield of tops, in grams fresh weight, of oat plants cor¬ 
responding to various applications of sodium ai'senite to the soil ex¬ 
pressed as p.p.m. AS 2 O 3 on the basis of air-dry soil. 

® In this paper the word fixation denotes the process of rendering soluble arsenic 
insoluble by contact with the soil. Fixed arsenic is arsenic insoluble in water. Both 
adsorption and chemical precipitation are included in this definition, the emphasis 
being placed entirely upon the extent of insolubility rather than the manner of its 
accomplishment. 

This limited definition is necessary because the word fixation has had at least three 
different uses: first, it has been used to mean loss of availability to plants; second, 
loss of solubility; and third, retention against leaching. The present paper is con¬ 
cerned solely with the second of these meanings, and the previous paper (7) with the 
first. The term could therefore have.been used in connection with either or both 
studies. To avoid ambiguity, the word was not used at all in the previous paper (7), 
and the specific definition given above adhered to in the present paper. This is purely 
a matter of convenience, and no claim is made that the “best” or most suitable use of 
the term has been attained. 
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Thirty-three of the 80 soils were chosen for the present study, a wide 
range of textural grades being selected. Toxicity curves were plotted for 
these 33 soils, the application of sodium arsenite expressed as p.p.m. 
ASjOj on the basis of oven-dry soil being plotted on the horizontal axis 
against the yield expressed as a percentage of the check, that is, of the 
yield without arsenic. The hygroscopic moisture content, which varied 
from about 0.5 to 8.0 per cent, was thus eliminated as a variable, and the 
curves all originated at the same height on the vertical axis. The data 
given in columns 4 and 5 of table 1 (p. 209) and in column 4 of table 2, 
(p. 213) were taken from the 33 curves thus produced.^ 

Arsenic fixation was measured in a series of standard laboratory runs 
conducted rigidly as follows: 

Sodium arsenite stock solution was applied to samples of air-dry or 
moist soil equivalent to 100 grams of oven-dry soil. This solution, iden¬ 
tical with the one used in the greenhouse tests, contained 5.00 grams 
AsaO., and 1.25 grams NaOH per liter. Enough water was added to make 
a total of 100 ml, including soil moisture and water added as sodmm 
arsenite solution. Two samples of each of 6 different soils were handled 
in each run. One sample of each pair received a uniform application of 
arsenic; the other an application varying from soil to soil in a manner 
that will be explained. 

The 12 soil and water mixtures thus prepared were agitated mechani¬ 
cally for 18 hours in 1-pint wide-mouthed jars by continuous rotation on 
the parallel shafts of a machine, and a portion of each was then filtered. 
TTsually enough filtrate could be obtained under gravity, but sometimes 
filtration by suction was necessaiy. Some filtrates, especially those of 
sandy soils, were turbid. These were returned to the filter as often as 
necessary to get a clear solution. Occasionally some very fine suspended 
material remained despite these precautions. 

The 1; 1 extracts thus prepared were analyzed singly by the Gutzeit 
method (J, p. 306) within 2 hours of filtration," without preliminary acid 
digestion or other treatment. An attempt was made to choose an aliquot 
for analysis that would yield approximately 0.015 mg AsjO^, since this 
amount could be most accurately determined. 

’’ These toxicity curves have not been published. Four examples of this type of curve 
are given in figure 5 (p. 226) of this paper, but the points plotted represent the means 
of 3 or 4 greenhouse tests. The toxicity data of tables 1 and 2 were taken from curves 

E lotted from greenhouse results obtained simultaneously on 20 or 40 soils, each curve 
eing derived from a triplicated test series on the soil concerned. 

* According to tests, the arsenic content of extracts decreased markedly in some 
cases during periods of several days to a month. All extracts were therefore analyzed 
immediately after filtration. Tf the aliqnot was poorly chosen, a new extract was 
prepared. 
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The directions for the Gutzeit method given by the Association of Offi¬ 
cial Agricultural Chemists (3, p. 306) were followed in detail with one 
exception: instead of maintaining the Gutzeit generator-bottle units at 
a constant temperature between 20® and 25® C for 1% hours after addi¬ 
tion of the zinc, the generator bottles were placed in an ice bath 10 min¬ 
utes before the zinc was added and were held in it for 20 minutes after/ 
They were then removed and let stand at room temperature 1 hour before 
the stains were measured. Standard stains for 0.005, 0.010, 0.015, 0.020, 
and 0.025 mg AsgOg were prepared in duplicate for each run from the 
same Hanford-Pratt sensitized sheet used for the 12 soil-extract analy¬ 
ses. The paper sheets were sensitized by soaking 1 hour in 4 per cent 
mercuric bromide solution in 95 per cent alcohol. 

All operations in the standard run described above were carried out in 
2 days. The soil and water mixtures were customarily prepared in the 
pint jars in the afternoon and then agitated overnight. The filtrations 
were made the following morning, and the Gutzeit analyses completed 
the same day. 

To calculate the percentage fixed, the difference between the concen¬ 
tration of arsenic applied and that found soluble was expressed as a 
percentage of the concentration applied. This value will be called Ihe 
‘‘apparent fixation,or “percentage fixed as determined. 

Errors affecting the fixation values presented in this paper are as 
follows: 

a) The inherent standard deviation of single analyses for arsenic by the Gutzeit 
method. This was determined by analyzing two different sodium arsenite stock solu> 
tions, of the composition given above, eighteen times each, and Avas found to be ap¬ 
proximately dz 7 per cent for aliquots yielding 0.015 mg AssO,. 

b) The effect of magnitude of fixation upon the accuracy of the fixation percent¬ 
age. Since fixation was determined by difference in arsenic concentrjition of a solu¬ 
tion before and after coni act with the soil, the A^aluos for percentage fixed arc subject 
to a sliding scale of error oven though the standard deviation of the analysis itself 
remains constant. At a determined fixation of 0 per cent (the arsenic remaining 100 
per cent soluble), the true fixation may lie anywhere botAveen + 7 or —7 per cent; 
at 50 per cent fixed bctAAX'en 46.5 and 53.5; while at 100 per cent fixed the error is zero. 

c) The effect of the soil extract upon the arsenic analysis. By attcniiiting the toqov- 
ery of 0.015 mg As«Oj in the presence of 1 ml or less’*^ of 1:1 extract of several differ- 
erent soils, it was found that soil extract caused high results. Since the amount solu¬ 
ble as determined is thus too high, the percentage fixed as determined is too Ioav and 
must be given an upward correction to compensate for this source of error. 

The use of an ice bath Avas recommended by the California State Dci)artnient of 
Agriculture Division of Chemistry. 

In the routine analytical work the aliquots taken were restricted to no more than 
1 ml and were sometimes as small as 0.00. All aliquots less than 1 ml were secured by 
measuring relatively large volumes of diluted extracts. 
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Prom this discussion it should be apparent that all values for percentage fixed 
determined by the method above outlined are subject to an uncertainty which di¬ 
minishes in the direction of high fixation. The fixation values tend to be too low 
because of the presence of soil extract. 

Pigure 1 shows an attempt to illustrate graphically the range within which the cor¬ 
rected fixation values are expected to lie. 

Jn this diagram, the 33 soils are grouped into two classes. One class includes the 
light soils which required 0.1 ml or less of extract^ for an analysis. The tests on effect 
of extract show that the maximum error produced by any soil in this class was about 
-j- 9 per cent and the minimum + 3 per cent. An error of + 9 per cent combined 
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Fig. 1.—Ap]»arent fixation, or percentage 
fixed as deteriuined, plotted against tlie limits 
wjthin which the true percentage fixed is 
expected to lie. 

with + 7 per ctmt standard deviation gives a total of + per cent. Negative cor¬ 
rections of 1(> per cent in the soluble arsenic to compensate for this error would result 
in the scries of fixation values given by the uj)per dotted line in figure 1. If the + 9 
per cent erior coincided nitJi the negativ^e value of the standard deviation, the net 
effect would be a + 12 per cent error. However, a lower limit based on corrections 
of —12 per cent is not plotted in figure 1 because only the limits for the entire group 
of soils are desired. Instead, the minimum error for the group of + 3 per cent is 
combined with a —7 ])(;r cent standard deviation for a net negativ’e error of 4 per 
cent. Corrections of + 4 per cent in the soluble arsenic result in corresponding nega¬ 
tive corrections in the fixation values; those are indicated by the lower dotted line in 
figure 1. 

“ As will become evident, tJie volume required depends on three factors: (a) appli¬ 
cation of arsenic; (h) time interval; (c) fixation. In the tests on effect of extract, 
the volumes chosen were those necessary to provide about 0.015 mg AsaO^ with an 
application of 300 p.p.m. AsgO, and a time interval of 18 hours, these specifications 
applying to the data of tiible 1 (p. 209). 
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The limits iodioated by solid lines apply to the balance of the soils, which require 
more than 0.1 and up to 1.0 ml of extract for an analysis. The maximum error in 
soluble arsenic due to extract in this group was + 20 per cent, the minimum + 0 
per cent. 

Statistical odds cannot be given for the expectation that the true values will lie 
between these limits. For soils midway between the extremes, with respect to effect 
of extract, the odds would be very high, and for soils near or at the extremes the 
odds would be lower. 

RESULTS 

Toxicity-Fixation Interrelation at 300 P.P.M. As^O ^.—Table 1 presents 
data on toxicity, arsenic fixation, and soil moisture content at field ca¬ 
pacity in 33 California soils. Of these soils, all but one, Yolo sand, are 
included in the group of 80 described in the preceding paper (7). Yolo 
sand is an infertile sand of practically no agricultural value deposited 
by the flood waters of Putah Creek. 

The field capacities of the soils are given in column 3 of table 1. 

The data on toxicity appearing in columns 4 and 5 were talcen from the 
unpublished toxicity curves described in the section on “Methods.” Col¬ 
umn 4 gives for each soil the approximate application reducing the yield 
95 per cent in the greenhouse test. Column 5 gives the area, in square 
centimeters, under each toxicity curve, measured with a planimeter. 
These areas are, of course, significant only on a relative basis, the absolute 
values being determined arbitrarily by the scales adopted in plotting 
the curves. 

The data on arsenic fixation are given in columns 6 and 7. It was origi¬ 
nally intended to compare the soils, as to percentage fixed, at a uniform 
application of 300 p.p.m. AsjOj. The Gutzeit analyses of the sodium ar- 
senite stock solution varied from run to run, however, and the actual 
applications were varied in an attempt to compensate for the supposed 
changes in concentration of the stock solution. It was learned later that 
these changes in concentration were not real, but were embraced by the 
inherent standard deviation of the analysis. As has been explained, the 
limits of error for the percentage fixed graphically presented in figure 1 
include an allowance for the standard deviation. 

In experiments referred to throughout the paper as the “first series,” 
actual applications of sodium arsenite varied from 275 to 315 p.p.m. 
ASgOg. To permit a valid comparison on the basis of 300 p.p.m. applied, 
slight corrections were made where necessary, by interpolation. As pre¬ 
viously stated, different applications of arsenic were made to two samples 
of each soil. Each was plotted against the corresponding percentage fixed, 
and a straight line drawn between these points. The fixation percentage 
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TABLE 1 

Soil Type, Arsenic Toxicity, and Arsenic Fixation at 18 Hours, 
IN 33 Calipornia Soils 


Soil characteristics 

Greenhouse 

results 

Fixation measure¬ 
ments at an applica¬ 
tion equivalent to 
300 p.p.m. AssOi 

Soil grouping based 
upon toxicity and fixation 
of arsenic 

Soil type, 
soil series, and 
textural grade 

Field 
capac¬ 
ity 
(HtO) 
on basis 
of dry 
soil 

Appli¬ 
cation 
causing 
96 per 
cent 
reduc¬ 
tion in 
yield 
(AssOs 
basis) 

Area 

under 

curve 

Appar¬ 
ent fix¬ 
ation 

Limits 
of ex¬ 
pected 
deviation 

1 

S 

5 

4 

S 

6 

7 

Class I, toxicity limits 50 to 
150 p.p.m. (col. fixation 
limits 20 to 45 per cent 
(col. 6) . 

■ 

Greenfield coarse sandy 
loam . 

Fresno sandy loam 
Hanford sandy loam 
Hanford fine sandy 
loam 

Average for class I 

percent 

17.4 

17 6 
27.0 

17.8 

19 9 

p.p.m. 

95 

65 

140 

140 

110 

aq. cm. 

6.6 

6.3 

9.7 

10.7 

7.8 

percent 

22 4 
27.5 
39.3 

42 3 
32.0 

per cent 

10.0-35.0 

24.5-39.0 

37.0-49.0 

40.0-61.6 

30.0-48.5 

Class II, indeterminate 
between I and III 


Delano fine sandy loam 
Rocklin sandy loam 
Rositas fine sand 

18.4 

21 0 

17 4 

250 

460 

100 

16.0 

22.0 

8.0 

35.9 

48.8 

56.6 

33.0-46.0 

46.6-fi7.0 

53.5-63.0 

Class III, toxicity limits 
250 to 450 p.p.m. (col. 4); 
fixation limits 60 to 85 per 
cent (col. 6) 


Sierra sandy loam* 
C'hino silty clay loam 
Columbia fine sandy 
loam 

Yolo fine sandy loam 
Madera loam 

Yolo silt loam 

Yolo sand 

Yolo loam 

Yolo clay loam 

Yolo adobe clay t 
Average for class HI 

17.1 

25.5 

23 1 
19.8 

15 6 

23.5 

18.2 
25.4 

35 9 

36 1 

24 0 

276 

250 

250 

525t 

425 

300 

325 

300 

350 

375 

337 

21 5 

22 0 

20 3 
31.6 
25.0 

22 3 

20 3 

26 2 

27 0 

24 3 

25 0 

43.6 

64 3 

66.7 

67 3 

70 3 

71 8 

72 1 

74 4 

80 5 

86 0 
72.5§ 

42.6-68.6 

63.5- 74.0 

65.0-76.0 

66.5- 76.0 

69.5- 78.6 
71.0-79.6 

71.5- 79.6 
74.0-81.6 
80.0-86 0 

85.5- 90.0 
72.0-80.0 

Class IV, indeterminate 
between III and V 


Fresno light clay. 
Arbuckle clay loam . . 
Stockton adobe clay 
Montezuma adobe clay 

32 9 

23 3 
42.4 

36 8 

550 

500 

700 

1 425 

21.1 

34.7 

34.7 

40.6 

60.2 

77.8 

80 3 
86.0 

59.5- 71.0 
77.0-83.6 
80.0-85.6 

85.5- 90.0 

Class V, toxicity limits 500 
to 700p.p.m. (col. 4 ); fixa¬ 
tion limits 85 to 93 per 
cent (col. 6) .. 


Madera clay 

Sites adobe clay 

Yolo claj'l 

I Sacramento clay loam 
Egbert loam 

Panoche adobe clay 
Imperial clay 

Average for class V 

32.5 

28 9 
34.0 

40 0 
40.9 
34.2 
35.4 
35.1 

1 600 

1 625 

9001 
576 
525 
600 
650 
639 

38 9 
36.0 

80 8 

35 3 

36 1 
44.2 

45.4 

46.4 

85 1 

86 9 
87.6 

88.5 

90 1 

90 9 

92.5 
88.8 

84.6-89.0 

86 5-90.5 
87.0-91.0 
88.0-91.5 

90 0-93.0 

90.5- 98.0 

92 5-94.5 

88.5- 92.0 

Class VI, toxicity limits 
800to 1,300 p.p.m. (col. 4); 
fixation limits 93 to 99 per 
cent (col, 6) 


' Sierra gravelly loam. 
i Merced adobe clay.. 
Anita adobe clay . 
Dublin adobe clay.. 
Aiken clay loam. 
Average for class VI 

15 8 
62.3 

36 3 

46.2 

29.2 
38.0 

825 

1,100 

000 

850 

1,300 

995 

64.9 

68.8 

56.0 

77.8 

95.0 

72,7 

1 91.4 

1 94.0 
94.9 
05.6 

98 6 
94.9 

91.0-93.5 

94 0-95.5 

94.5- 96.0 

95.5- 96.5 

98.5- 99.0 

94.5- 96.0 


* Shows a very low rate of fixation; at the end of 7 weeks is about equal to Yolo adobe clay, 
t Repeat greenhouse test gave 275 p.p.m. as the application producing 95 per cent yield reduction. 
} Shows a very high rate of fixation and consequently has too high a relative position at IS hours. 

$ Does not include Sierra sandy loam. 

I This soil might belong in clow VI. A different greenhouse test, however, gave 650 p.p.m. as the 
application producing 95 per cent yield reduction. 

II Being in the same series as Sierra sandy loam, this soil has probabb'^ a low rate of fixation. If so, it 
would have too low a relative position at 18 hours. 
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at 300 p.p.m. was taken from this straight-line graph. Column 6 gives 
the percentages fixed, corrected to a uniform application of 300 p.p.m.; 
column 7, the limits of deviation within which the true values of these 
fixations may be expected to lie, these limits having been taken from 
figure 1. As previously indicated, two sets of limits are included in figure 
1 . One set applies to the fixation data for the soils in classes I and II, 
table 1. These soils, which fix the least arsenic, permit Gutzeit analyses 
on 0.1 ml or less of 1:1 extract at 18 hours with approximately 300 p.p.m. 
AsgOs applied. The other set of limits applies to the soils in the other four 
classes, which furnish 1:1 extracts such that 0.1 to 1 ml is required for 
an analysis with the same time and application. 

The correlation of textural grade with fixing power, toxicity, and field 
capacity is indicated by the grouping of soils into classes given in column 
1. The soils in class I—all light soils—exhibit the greatest toxicity, the 
lowest fixation, and the lowest field capacity. One can best see these facts 
by comparing class averages. Although the soils of class II do not fit into 
either I or III as delimited, they are obviously nearer these classes than 
any other. They have therefore been designated as “indeterminate” be¬ 
tween 1 and Ill. The soils of class 111 illustrate the fact that textural 
grade is not the only factor involved in arsenic toxicity. This class in¬ 
cludes the soils of intermediate toxicity, fixing power, and field capacity, 
yet includes 4 sandy soils and 1 adobe clay, 3 of which belong to the Yolo 
series. As the preceding paper (7) indicates, the Yolo series is a poor one 
for present purposes of illustration. This series is of recent alluvial origin 
from original sedimentary sources, and all types display a high capacity 
for arsenic fixation. 

At this point, attention may be drawn to the importance of the time 
factor. As will become evident, soils do not all display the same rate of 
fixation. Thus both Sierra sandy loam and Yolo adobe clay are indeter¬ 
minate in ultimate fixing power, but the former fixes much less arsenic 
than the latter at 18 hours. 

Class IV is again indeterminate between adjacent classes. Class V in¬ 
cludes what might be called medium-heavy soils, although there is little, 
in terms of soil type, to distinguish it from class VI, which includes the 
soils of lowest toxicity, highest fixation, and highest field capacity. Three 
outstanding exceptions appear in the last two clas.ses. Egbert loam is an 
organic soil. Sierra gravelly loam and Aiken clay loam are both red soils 
and, as has frequently been observed, possess arsenic- and phosphorus¬ 
fixing capacities beyond expectation in terms of textural grade. 

The sharply delimited classes given in table 3 represent, however, only 
one of many possible groupings. Broader class limits would eliminate 
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some of the seven indeterminate soils; but one need not suppose that fix¬ 
ation and toxicity should he correlated in every instance when one con¬ 
siders that, up to the attainment of fixation equilibrium in time, other 
sets of fixation figures at other time intervals would doubtless give differ¬ 
ent relative as well as absolute results. Furthermore, as will become evi¬ 
dent (p. 225), the rate of change of percentage fixation with change in 
application, with a fixed time interval, differs somewhat for different 
soils. Thus, had the soils been compared as to fixing power at some appli¬ 
cation other than 300 p.p.m., somewhat different relative as well as 
absolute results would probably have been obtained. 

There is also the question as to which measure of toxicity is best. In the 
preceding paper (7 ), the relative toxicity of arsenic in 80 soils was made 
evident by arranging the yield data in a regular order according to tex¬ 
tural grade of the soil. The toxicity curves, previously described, in which 
percentage yield is plotted against application (on the basis of dry soil), 
provide a means of more accurate comparison. At least four methods, 
however, may be used to obtain a measure of toxicity from the curves. 
One may (1) determine the applications producing some given per¬ 
centage reduction in yield; (2) measure the areas under the cuiwes as 
expressing an average toxicity over the entire effective range of applica¬ 
tions; (3) determine the percentage reductions in yield caused by some 
given application; or (4) measure the slopes of the curves at some fixed 
place. The class limits set in column 1 of table 1 were determined on the 
basis of the application causing a 95 per cent yield reduction. This cri¬ 
terion of toxicity was used because it is the most practical in terms of 
soil sterilization. Tlumgli a yield reduction of 100 per cent is, of course, 
the ideal, the application for this point cannot well be determined accu¬ 
rately because of the increasingly gentle slope of the curves as they ap¬ 
proach the base line. 

The area under the curve is apparently an inverse measure of average 
toxicity over the entire range of applications; and although this average 
toxicity might be of considerable theoretical interest in some cases, it has 
less practical importance than a determination of the application neces¬ 
sary to sterilize the soil. 

Methods 3 and 4, mentioned above, were also tried. A detei-mination of 
the yield reductions resulting from an application of 200 p.p.m., for ex¬ 
ample, provides a set of figures ranging from 1(K) per cent in some of 
the soils in class I to as low as 5 per cent in one of the soils in class YI. The 
determination of the slopes of the curves does not provide a generally 
satisfactory basis for estimating toxicity because the general trend of a 
curve may not be correctly indicated by a particular segment of it. 
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In most cases the two measures of toxicity given (table 1, cols. 4 and S) 
substantially agree. In some cases they do not, however. Thus, with 
Fresno light clay and in similar cases, a disproportionately large appli¬ 
cation is required to accomplish the last 10 or 15 per cent of yield reduc¬ 
tion necessary to the total of 95. 

Finally, one must realize that the greenhouse runs could not all be 
made at the same time and that if the tests were repeated on all 33 soils, 
differences in relative results might occur. Repeated runs on several soils 
are reported in the previous paper (7 ). 

Toxicity-Fixation Interrelation at Approximately 50 Per Cent Yield 
Reduction. —^Besides the first series of applications at approximately 300 
p.p.m., another set, hereafter called the “second series,” was made in 
connection with the fixation studies. The actual applications are tabu¬ 
lated in column 3 of table 2, and the reduction in yield corresponding to 
each appears in column 4. The reductions recorded vary between 40 and 
60 per cent. In seven cases where the reductions were beyond these limits, 
the data are omitted. 

Column 5 gives the apparent fixation, or the percentage fixed as deter¬ 
mined, at each of the recorded applications; column 6 the limits of devi¬ 
ation within which the true values are expected to lie. These limits (taken 
from fig. 1) were originally determined for applications of about 300 
p.p.m. The applications in the second series were usually, however, less 
than this, and the average aliquot of extract necessary for an analysis 
was 0.74 ml as opposed to 0.33 ml for the first series of applications of 
300 p.p.m. Despite this circumstance, the limits of deviation for applica¬ 
tions of about 300 p.p.m. provide a generally satisfactory basis for evalu¬ 
ating the fixation data of table 2 because the limits were set to allow for 
extreme effects of extract. To illustrate, an upper limit of ~\- 20 per cent 
was set for the error due to extract in all classes except I and II. The 
extracts of many of the soils in these classes, nevertheless, would not have 
produced so great an error even with much larger aliquots than were 
actually used. 

An independent consideration of the relation between toxicity and fix¬ 
ation is afforded by the data of column 7. Here the concentrations of 
soluble arsenic at 100 per cent moisture, time interval 18 hours, are re¬ 
corded for each soil at a series of applications giving approximately the 
same biological result (40 to 60 per cent reduction of yield). The class 
averages in this column reveal no clearly significant difference between 
any one class and another, which suggests that when fixation is allowed 
for, all soils are alike with respect to the concentration of soluble arsenic 
required for a given degree of toxicity. In interpreting these data, one 
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TAEL’S 2 

Arsenic Fixation at Applications Causing Yield Reductions 
OF Approximately 50 pee Cent 


Soil 

grouping 

Soil typo 

Appli¬ 
cations of 
arsenic 
(AssOa 
basis), on 
basis of 
dry soil 

Reduc¬ 
tion in 
yield 

Arsenic fixation 
measurements 

Soluble 
arsenic 
(AsxOs basis) 
in 1:1 extract, 
limits of 
deviation 

Ah de¬ 
termined 

j 

Limits of 
expected 
deviation 

1 

i 

a 

4 

6 

8 

7 



p.p.m. 

percent 

per cent 

per cent 

p,p m. 



Fresno sandy loam 

26 

41 

40 0 

37.6-49.5 

16 6-12.6 



1 Hanford sandy loam 

45 

48 

47.8 

45.6-56.0 

24.5-10.8 

L/iaSB 1 


1 Hanford fine sandy loam. , 

67 

48 

56.9 

66.0-64.0 

26.6-20.6 



[Average for class 1 . 

42 

46 

48 2 

46 0-56 5 

22.7-18.3 



{ Delano fine sandy loam 

96 

68 

52 8 

61 0-60 6 

46.6-37.6 

ClaRBll 


Rocklin sandy loam 

72 

41 

64 7 

63.0-70.5 

26 6-21.2 



[Rositas fine sand . 

65 

50 

55.5 

63 6-63 0 

25.6-20.3 



Sierra sandy loam. 

115 

46 

56 5 

55.5-68.0 

51.2-36.8 



Chino silty clay loam 

120 

40 

72 0 

71 5-79 5 

34 2-24 6 



Madera loam . . 

155 

63 

79 0 

78.5-85 0 

33.3-23 2 

Class III 

1 

Yolo Hilt loam 

105 

40 

78 4 

78 0-84.5 

23.1-16.3 



Yolo sand 

137 

40 

82 5 

82 0-87 6 

24 7-17.1 



Yolo loam 

137 

40 

82 0 

1 81 6-87.0 

25 3-17.8 


i 

[Average for class 111 

128 

43 

78 8* 

78 0-84 5 

28.2-19.8 


1 

f Fresno light clay 

65 

63 

62.8 

62 0-72.5 

24 7-17.9 


j 

1 Arhuckle clay loam 

250 

60 

80 0 

79.6-86.5 

61.2-86 2 

Class IV 

1 

1 Stockton adobe clay 

130 

45 

89 5 

89 a*92.5 

14.3- 9 7 



[Montezuma adobe clay 

237 

54 

87.7 

87 0-91 0 

30 8-21 3 


1 

Madera clay 

145 

52 

91 2 

01 0-93 5 

13.0- 9.4 



Bites adobe clay 

155 

45 

92 7 

92 6-94 5 

11.6- 8 5 



Yolo clay 

427 

45 

84 6 

84 0-89.0 

68.3-47 0 

Class V 


Kgl^ert loam 

152 

45 

92 7 

92.5-94.5 

11 4- 8.4 



Panoche adobe clay 

227 

53 

01.8 

91 6-94.0 

10 3-13 6 



Imperial clay 

210 

42 

05.5 

95.5-96.6 

9.4- 7.3 



Average for class V 

219 

47 

91 4 

91 0-93.5 

19.7-14 2 



Sierra gravelly loam 

295 

40 

91 5 

91.0-94 0 

26 5-17 7 



Merced adobe clay. 

325 

45 

93 2 

93.0-96.0 

22.7-16.2 

Class VI 


Anita adobe clay. 

277 

51 

95 5 

95 5-96 5 

12 5- 9.7 



Dublin adobe clay . 

502 

53 

94.0 

94.0-96.6 

30 1-22 6 



Average for class VI 

350 

47 

03 5 

93 5-95 5 

22 7-15.7 


• Doee not include Sierra sandy loam. 


must again consider differences in rates of fixation; and since the toxic 
effect of the arsenic is being registered over a period of a month, one could 
not well specify a time interval that would be best from the biological 
standpoint. The effect of differences in moisture content at field capacity 
will be considered in a later section (see footnote 17, p. 225). At this point, 
suffice it to state that such differences apparently have less effect than 
might be expected. 
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The Time Factor in Fixation .—Table 3 gives the results of fixation 
measurements at approximately 7 weeks on samples of 9 of the 33 soils 
listed in table 1. Measurements on 4 of the same 9 samples at approxi¬ 
mately 16 weeks, made in connection with another experiment (see fig. 
3, p. 219), are also included. The soil samples used originated in standard 
greenhouse tests described on page 217 in connection with table 4. In the 
series from which the samples were obtained, each application of arsenic 
to the soil was replicated four times, and each can was watered daily. 
The cans were let stand in the greenhouse without watering for 2 days 

TABLE 3 

Aesenic Fixation at 18 Hours and Appeoximately 7 and Ifi Weeks, at an 
Application Equivalent to 340 P.P.M. ASjOj 


Soil 

j 

Apparent 

fixation, 

18 hours 

Approximate 7-week 
interval 

Approximate 16-week 
interval 

Actual 

period 

Apparent 

fixation* 

Actual 

period 

Apparent 

fixation 


per cent 

daya 

per cent 

daya 

per cent 

Fresno sandy loam . . 

25 7 

46 

72 4 

105 

74.5 

Yolo adobe clay . 

85 0 

54 

89 4 

116 

90 4 

Sierra sandy loam. 

40 8 

54 

87 9 

no 

93 3 

Yolo clay. 

86 6 

i 54 

08.5 

in 

98 0 

Greenfield coarse sandy loam , . 

19 5 

‘ 46 

73 2 



Delano fine sandy loam 

32 5 

46 

1 72 4 



Sacramento clay loam. 

87.6 

49 

! 99 8 



Kgbert loam. 

89 7 

49 

90 9 



Sierra gravelly loam... 

91.0 

54 

99 4 




* The orisinal data on soluble arsenic, from which these fixation perconlaKes were ctnnputed, are 
given in table 5 for 4 soils. In table 5 the application of 340 p.p.m. m arbitrarily calloil “treatment l.“ 


after the oat plants were harvested at the end of the standard 30-day 
growth period. The contents of the 4 cans were then combined, thoroughly 
mixed, and stored in a scaled Mason jar. The application of sodium ar- 
senite at a rate equivalent to 340“ p.p.m. ASjOs was taken in all 9 cases. 
As moisture determinations showed, the sandy soils had fallen to about 
50 per cent of field capacity, and the others had decreased to about 85 
per cent. Fixation measurements were made according to the standard 
procedure previously outlined in the section on “Methods,” the moist 
equivalent of 100 grams of dry soil being taken for each extraction. For 
comparison, the fixation percentages at 18 hours are also included. These 
were corrected to the basis of 340 p.p.m. AsjO,, applied by the method 
previously outlined (p. 208) for correction to 300 p.p.m. 

Cultures were established in the greenhouse tests containing 0, 15, 40, 80, 140, 
220, 340, 490, 680, and 920 p.p.m. AsjOa, on the basis of oven-dry soil. 
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The errors in the measurement of arsenic fixation were somewhat 
greater than in the tests reported in tables 1 and 2. Limits of deviation 
for the fixation percentages cannot be given because the limits set forth 
in figure 1 apply only to aliquots of extract yielding approximately 0.015 
mg AsjjOs. Because of the positive error arising from the presence of soil 
extract, all aliquots were restricted to a total of 1 ml regardless of con¬ 
centration. As fixation increases with time, the amount of arsenic in the 
1-ml aliquot often falls considerably below 0.015 mg AsoOg, especially 
with heavy soils and small applications. In these cases the limits of devi¬ 
ation, if determined, would be somewhat farther apart than those given 
in figure 1. 

Another possible source of error is the absorption of arsenic by the oat 
plants. Crafts and Kennedy {6) have shown, however, that the lethal eon- 
(ientration of arsenic in morning-glory is approximately 0.02 per cent 
As.jOg on the dry basis, in the lops, and 0.0003 in the roots {6, p. 339). 
With the higher of these figures as a basis of approximate eale.nlation, and 
the highest yield recorded in the present cultures of oat plants (8.6 grams 
fresh weight), roughly 0.3 mg AsjO., would be absorbed if the root sy.stem 
weighed half as much as the to[KS, and the average content of dry matter 
were 10 per cent of the fresh weight. Since most of the cultures contained 
the moist equivalent of 500 grams of dry soil, about 0.6 p.p.m. As^Og 
would be absorbed. The decrease in concentration of soluble arsenic 
would be less than this, however, due to replacement of part of the ab¬ 
sorbed arsenic from the solid phase. Even though the arsenic tolerance 
of oats might be much greater than that of morning-glory, arsenic ab¬ 
sorption would evidently not cause errors beyond the limits of error of 
the method itself. 

Table 3 thus shows that arsenic fixation in Sierra sandy loam is ap¬ 
proximately the same as in Yolo adobe clay at 7 and 16 weeks, although 
widely different at 18 hours. Yolo adobe clay show's a very slight increase 
in fixation after 18 hours, whereas Sierra sandy loam has apparently not 
accomplished all its ultimate fixation at the end of 54 days. Of the four 
soils studied at the longest inter\’al, only Sierra sandy loam increased 
significant ly in fixation after about 7 weeks. 

Besides the results in table 3 other data on the effect of time are shown 
graphically in figure 2. In these experiments, the air-dry samples of soil 
w'ere given enough total water to make 1:1 extracts at the start of the 
tests, as in the procedure for the 18-hour fixation tests. The arsenic appli¬ 
cation was equivalent to 250 p.p.m. on the basis of oven-dry soil. 

The jars containing the arsenic-treated soils at 100 per cent moisture 
were let stand, with occasional shaking, at laboratory temperatures for 
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the intervals indicated, one jar for each point on each curve. The extracts 
were analyzed singly by the Gutzeit procedure as outlined. Comments in 
the preceding paragraph concerning limits of deviation for the fixation 
percentages apply here as well. The experiment was performed during 
June, July, and August, 1937. For comparison, the approximate 7-week 



Fig. 2.—^Time curves for Greenfield coarse sandy loam. Sierra sandy loam, Yolo 
adobe clay, and Yolo clay. All fixation percentages based upon an arsenic application 
of 250 p.p.m. AsiO, on the basis of dry soil. 


fixation figures (table 3), corrected to a basis of 250 p.p.m. As^Oj applied, 
are plotted. Also the 18-hour figures, similarly corrected, are included 
as the first point on each curve. 

These curves show that pronounced differences in rates of fixation do 
not appear after the first 10 days, even though differences in absolute 
level of fixation may exist throughout. 

Whereas the 54-day points from table 3 for Sierra sandy loam and 
Yolo adobe clay lie fairly close to the curves, the 46-day point for the 
Greenfield coarse sandy loam appears to be significantly high, and the 
54 -day point for Yolo clay is unquestionably high at 99.2 per cent as 
opposed to 84.6 per cent on the curve. The points from table 3 represent 
fixation in soils held at field capacity or less, while the other points in 
figure 2 represent soils held at 100 per cent moisture. Apparently Green¬ 
field coarse sandy loam and Yolo clay fix less arsenic from the 1:1 mix¬ 
ture than when held at a lower moisture content. 

Relation of Moisture Content to Toxicity and to Arsenic Concentra¬ 
tion .—Table 4 gives the results of standard greenhouse toxicity deter- 
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minations on 8 of the 9 soils” listed in table 3, along with the results 
obtained when the cans of soil were watered daily so as to maintain more 
nearly a constant percentage of moisture at field capacity. The tests were 
performed during February and March, 1937, after the original green¬ 
house work on arsenic toxicity in 80 California soils had been completed. 
They were intended to check the greenhouse results in the 9 soils selected, 
and also to measure the effect of the less-frequent watering practiced in 
the standard greenhouse runs. In the standard series, each application 
was duplicated, and the cans were watered whenever the plants showed 


TABLE 4 

ObEENHOUSB DETEaillNATIONS OF AESENIC TOXICITT UNDER DAILY 
AND UNDEE LESS-FeEQUENT WATEEINQ 


Soils 

Arsenic application 
(AssOt basis) giving 95 per cent 

1 yield reduction 

Watered 

daily 

Watered 6 
times during 
30-day 

growth pericKl 


p.p.m. 

p.p.m. 

Fresno sandy loam 

135 

135 

Greenfield coarse sand) loam 

200 

200 

8ierra sandy loam.. 

200 

150 

Delano fine sandy loam 

250 

250 

Yolo adobe clay 

335 

335 

Yolo clay .... 

650 

800 

Sacramento clay loam . . . 

000 

900 

Egbert loam .. 

1,000 

1,000 


signs of wilting. This amounted to five times during the 30-day growth 
period. In the other series, each application was made in quadruplicate, 
and each can was brought to field capacity by weight each day.” As in 
the toxicity tests reported in table 1, curves were plotted relating the 
yield of tops, expressed as a percentage of the check, to the application 
of sodium arsenite as p.p.m. As^O^ on the basis of oven-dry soil. Prom 
these curves the applications causing a 95 per cent reduction in yield 
were determined as given in table 4. 

Table 4 shows that in 6 cases out of 8 the results (toxicities) were iden¬ 
tical under the two treatments, while in one case (Sierra sandy loam), 

Unfavorable physical condition of the soil made it impossible to get a uniform 
original stand of oats on Sierra gravelly loam. The results for this soil were therefore 
omitted as unreliable. 

The soil samples from two different applications for each soil in the series watered 
daily were saved at the end of the run, and utilized for the fixation measurements re¬ 
ported in table 3 at approximately 7 and 16 weeks. 
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the toxicity was higher with less frequent watering, and in another (Yolo 
clay) it was lower. Although the moisture content obviously fluctuated 
to some extent even in the cans watered daily, the fluctuation was much 
less than in the series watered only five times, wherein the moisture con¬ 
tent undoubtedly fell to a point near the permanent wilting percentage 
between waterings. The fact that the toxicity was substantially unaffected 
by this marked decrease in moisture content suggests that the concentra¬ 
tion of arsenic failed to increase as the moisture content diminished. 

An attempt was made to secure experimental evidence on this point 
by determining the effect of varying the amount of water in the extract 
upon the concentration of soluble arsenic. Four soils of contrasting type 
were studied—Fresno sandy loam. Sierra sandy loam, Yolo adobe clay, 
and Yolo clay. The samples employed were the same ones used in the 
fixation tests at approximately 7 weeks reported in table 3. The extrac¬ 
tion ratio tests were performed about 16 weeks after the arsenic was 
applied. During the period between these experiments, the soils were 
kept in sealed Mason jars at room temperatures. The tests were per¬ 
formed according to standard procedure, the moist equivalent of 100 
grams of dry soil being taken for each extraction, and the extract being 
agitated 18 hours before being filtered and analyzed. The soil sanijiles 
used were those originally given an application equivalent to 340 p.p.m. 
AsgOs (on the basis of oven-dry soil). Each experimental determination 
of concentration is plotted as a point in figure 3. The results with an ex¬ 
traction ratio of 1:1 (100 per cent water) were used to calculate the 
fixation percentages given in table 3 for apin’oximately 16 weeks. 

The curves of figure 3 were calculated in each case from the two ex¬ 
perimental points marked by arrow; the adsorption e(iuation used will 
be described in the next section, headed “Calculations.” Each curve was 
extended to the moisture content at field capacity, but the lowest mois¬ 
ture contents reached experimentally were about twice field capacity. 

For purposes of discussion, the following statement is given of the four 
general types of behavior which may occur when the moisture content of 
a soil is decreased. 

1. The concentration of the given ion may rise in inverse proportiotj 
to the decreasing moisture content as, for example, with nitrate. 

2. The concentration may rise but to a smaller extent than in 1. This is 
typical of ions which are adsorbed. 

3 . The concentration may remain practically constant. This is typi¬ 
cally true with slightly soluble salts which provide a saturated .solution 
over a wide range of moisture contents. 
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Fig. 3.—Concentration of soluble arsenic at various moisture contents for Fresno 
sandy loam, Sierra sandy loam, Yolo adobe clay, and Yolo clay. Apjdication of sodium 
arsenite equivalent to 340 p.p.m. AS 3 O 3 on the basis of dry soil. 
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4. The concentration may decrease. This would happen in a mixture of 
slightly and readily soluble salts containing a common ion. For example, 
with calcium phosphate and calcium nitrate, a decrease in moisture con¬ 
tent would increase the calcium ion concentration, and this in turn would 
result in a decrease in phosphate ion concentration owing to the operation 
of the solubility-product principle. 

Behavior 1 is evidently not involved in the present study, but the 
other types are: 

Fresno sandy loam and Sierra sandy loam constitute examples of be¬ 
havior 2 over the range of moisture contents studied, as judged by the 
fact that the experimental points fall on or near the adsorption curves 
(fig. 3). 

From 1,000 per cent to about 300 per cent water, Yolo adobe clay fol¬ 
lows the adsorption curve hut thereafter tends to follow first behavior 3 
and then 4. 

Yolo clay follows the adsorption curve fairly closely as plotted (fig. 3), 
but if a larger vertical scale were used, it would be seen that behavior 4 
occurs between 200 per cent and 100 per cent water, and that behavior 3 
apparently occurs between 100 per cent and 70 per cent. With this soil, 
however, the distinction between 2 and 3 is virtually nonexistent because 
the adsorption curve itself is practically a straight line with a very slight 
slope. 

Returning to the toxicity data of table 4; clearly, with soils displaying 
behavior 3 or 4, no increase in toxicity would be expected as a re.sult of 
a decrease in moisture. True, in table 4 the decreases in moisture content 
were in the range of field capacity or less, but if one may judge from the 
trends of the points in figure 3 for Yolo adobe clay and Yolo claj’’, an 
increase in arsenic concentration would not occur as the raoisUire content 
decreased. In the cases of Fresno and Sierra sandy loams, the application 
of 340 p.p.m. AS2O3 is respectively beyond and at the upper limit of the 
sublethal range of applications. This is brought out in the toxicity curves 
of figure 5 (p. 226). 

As will be shown in the next section in considering figure 4, the in¬ 
crease in concentration with decreasing moisture is far less than in figure 
3 over the sublethal range of concentrations even though the behavior is 
dominantly one of adsorption. This principle is well illustrated by Yolo 
clay. With this soil, an application of 340 p.p.m. causes a reduction in 
yield of 63 per cent (fig. 5), which places this application in the sublethal 
range. The adsorption curve is so nearly flat that there would be no ap¬ 
preciable increase in concentration with a decrease in moisture even 
though adsorption were the dominant process. 



Jan., 1989] Boamfel»-€rafta: Araenie Fixation in SterUiaation of BoUa 221 


CALCULATIONS 


Curves relating the percentage yield to the concentration of arsenic in 
the soil solution would theoretically be alike for soils of different texture 
if fixation were the dominant factor in toxicity. Experimental data se¬ 
cured were not sufficient to permit an estimate of the concentration of 
soluble arsenic at each of the 9 applications used in the greenhouse tests. 
Given experimental measurements of concentration at 2 different appli¬ 
cations, however, it is possible to calculate concentrations at other appli¬ 
cations. The object of this section of the paper is to demonstrate these 
calculations, and to present curves of percentage yield against concentra¬ 
tion of soluble arsenic resulting from them. 


The equation'* used was, 

log C = —% log (y-x) + log K, 

wherein C signifies the concentration of soluble arsenic (p.p.m. AsjO,), x the amount 
of arsenic in mg As,Oi fixed by 1,000 grams of dry soil, and F and K are constants. 
In the method of calculation used, F was first calculated from the following relations: 

log C,~—% log (F—x,) log K and 

log C, = — % log ( F—Xi ) log K. Subtracting: 

log C, — log C, = —% [log (F^t) — log (F-*,) ] and 

c 

—% == log . Therefore 

log = % (log Cg — log C70. 


One can easily calculate the numerical value of the quantity, % (log C 2 — log C,), 
from the values of C obtained at the two different applications of arsenic made, let¬ 
ting Ci be greater than C,. If the antilog of % (log C 2 — log Ci) be set equal to a, then 


and from this, 


Also, 


a {F — X 2 )~F — Xj, 

ax ^—.ti 

F = -^- 


F = Xt + 


-X, 


and the latter expression is more convenient to use. 

Having measurements of C at 2 different applications, it is then possible to locate 
2 points on, and hence determine, the straight-line curve of log C against log (2^-a:). 

*® The writers extend thanks to I)r. Herbert S. Zuckerman, who suggested this equa¬ 
tion and assisted with the calculations. 
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If 1:1 extracts are used, x is equal to whore A is the application as mg AsaO* per 
1,000 grams of dry soil. Once the curve is plotted, as many C, x pairs as desired 
may be obtained from it. If it is desired to determine A corresponding to various 
values of C, the general formula is: 

CW 

1 , 000 ’ 

wherein W signifies the volume of water in ml associated with 1,000 grams of dry 
soil. Thus, in a 1:1 extract, W is equal to 1,000 and A is equal to x + C» Curves of A 
against C at any other moisture content may be easily obtained by substituting the 
desired value of W. 

If measurements of C are available at 2 different moisture contents, A held con¬ 
stant as in figure 3, it is again possible to plot the straight-line curve of log C against 
log (JP’-aj). In this ease 

CW 

* — “ 1 , 0(10 ’ 

W corresponding to various values of C may be determined from the formula, 

1,000 

W= -^ • 

This is the method which was employed in constructing the adsorption curves of figure 
3, the experimental C, W pairs used being marked by arrow. These points wore chosen 
hy inspection. The shape of the curves would be little affected by the particular pairs 
chosen except in the case of Yolo adobe clay. The determinations in the latter case 
reveal a change in trend below 300 per cent water; and the j>oint8 marked by arrow 
were therefore chosen to fit the determinations down to this percentage. 

Figure 4 gives the calculated curves'*' of C against A for the same four 
soils that were used in figure 3. All curves represent C at 100 per cent 
moisture (W = 1,000) except two of the curves for Fresno sandy loam, 
which were calculated to field capacity (17.6 per cent) and to the lowest 
extraction ratio reached experimentally in figure 3 (30 per cent). The 
calculations were based on the fixation data for approximately 7 weeks 
given in full for the 4 soils concerned in table 5. This table includes the 
original data from which the fixation percentages in table 3 at 340 p.p.m. 
were calculated. Applications listed under treatment 2 varied from soil 
to soil, being usually chosen as near as possible to the applications listed 
in table 2 (p. 213); the samples for these determinations were liandled 
as described on page 214 in connection with table 3. 

The justification for calculating these curves lies in the fact that the 

The sharp break in the curves at values of A of about 5 p.p.m. is due to the fact 
that, according to the equation, there is a low value of C for each soil at which x be¬ 
comes equal to zero. At values of C below this point, x becomes negative. Since a 
negative x has no reality significance, the curves were continued to the origin as 
straight lines from the point at which ic = 0. It was not determined experimentally 
whether this part of the curves is correct, but if incorrect, the effect would be to make 
the values of C slightly too high at low values of A, 
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Fig. 4 .—A (iij^plifation) plotted against C (coneoiitraiion) at 100 per cent water 
except as noted. (^ilcMilations Oased on lixati<»n data at approxiinat(‘ly 7 weeks givcoi 
in table 5. 


equation used was satisfactory in figure 3 wlicrevcr bcliavior 2 (adsorp¬ 
tion) was involved. The fundamental relation is the change of x with C, 
and this can be tested either by varying A, the application, or W, the 
water content. 

Regarding the time interval of approximately 7 weeks, it is clear that 
no interval could be defended as theoretically best, since the final green¬ 
house yields are related to the net effect of ai'seuic over a period of 30 
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days. The 7-week interval was chosen because, as figure 2 has indicated, 
a period of at least 10 days is preferable to 18 hours, and the 7-week in¬ 
terval was the next available. The latter, as is also evident from figure 2, 
gives about the same results as would be obtained at 30 days. 

The values of C were calculated to 100 per cent water because this 
procedure was thought to give the best general approximation of the 
concentrations in the soil solution. Three points are involved: (a) with 
behavior 3 dominant, 100 per cent is best because the experimental meas¬ 
urements were made at this moisture content (1:1 extracts used); (&) 


TABLE 5 

Values of C (Concenteation) and A (Application) 
AT Approximately 7 Weeks 


Soil 

Actual 
length of 
period 

Application 
(AsiOi basis) 

Concentra¬ 
tion of 
As^Oi (C) 

1:1 extract 

Treat¬ 

ment 

No. 

Rato (A) 
on basis of 
dry soil 


day9 \ 


p.p.m 

p.p.m. 

Fresno sandy loam . 

46 

/1 

340 

04 0 



l 2 

40 

4 H 

Sierra sandy loam 

54 

/ » 

340 

41 0 



\ 2 

140 

6 2 

Yolo adobe clay 

54 

/ 1 

340 

36 0 



1 2 

140 

9 5 

Yolo clay . .... 

54 

( 1 

340 

5 1 


i 

1 2 

G80 

31 6 


with behavior 4, the moisture content at whicli the experimental deter¬ 
minations were made is again the best, since the use of a lower value 
would involve a calculated increase in place of an actual decrease in con¬ 
centration. If the decrease is not great, the values at 100 per cent water 
may be a close approximation to those in the soil solution. Yolo adobe 
clay is the only soil of the 4 studied in which behavior 4 might be of prac¬ 
tical moment, and in this soil (fig. 3), the trend of the experimental 
points below 100 per cent water, while apparently downward, appears 
somewhat erratic; (c) with behavior 2, the increase in concentration in 
going below 100 per cent water is negligible over most of the range of 
sublethal applications. This point is well illustrated by Fresno sandy 
loam. The standard toxicity curve for this soil in figure 5 shows that only 
3 per cent of the cheek yield is obtained at an application equivalent to 
140 p.p.m. AbjOj. Figure 4 shows that with A equal to 140 p.p.m., G is 
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equal to 10 p.p.m. at 100 per cent water, and 11 p.p.m. at both 30.0 and 
17.6 per cent, the curves for the last-mentioned moisture contents having 
merged at a value for J. of about 175 p.p.m. At all sublethal applications 
below 140 p.p.m., it evidently makes no practical difference which curve 
is taken. At an application of 220 p.p.m., however, there is still a 1 per 
cent yield (fig. 5), which places this application roughly at the upper 
end of the sublethal range, and at tMs point C increases from 24 to 35 
in going from 100 per cent to field capacity. Thus, at the very lowest per¬ 
centage yields, the values of C at 100 per cent water may be somewhat 
too low with soils showing behavior 2.” 

Thus the curves of figure 4 apparently represent an approximation of 
the relation between the application, A, and the concentration, C, in the 
soil solution at the end of the greenhouse growth period. They may there¬ 
fore be used to replot the toxicity curves of figure 5 on the basis of C, as 
above qualified, instead of A. Figure 6 gives the curves on this basis, the 
value of C corresponding to A for each percentage yield being taken 
from figure 4. Figures 5 and 6 are plotted on the same scale, and it is at 
once evident that the outstanding differences between the curves in figure 
5 are absent in figure 6. This suggests that differences in fixation are 
largely responsible for the original differences between soils of different 
textural grades. 

Although, as above noted, fixation appears to be the dominant factor 
in toxicity, attention may be drawn to the fact that the curves of figure 6 
are not identical, a considerable divergence appearing between them be¬ 
low yields of approximately 30 per cent. This suggests the possibility 
that the concentration of water-soluble arsenic is not the only factor 
which may influence toxicity. If part of the insoluble or fixed arsenic 
were, for example, available in the ea.se of the two sandy loams, the di¬ 
vergence between the curves would be largely accounted for. Part of the 
insoluble nutrient elements are of course known to be available in the 
soil, and it may be that because of replacement, less intense fixation, or 
other causes, some of the insoluble arsenic in certain soils may be effective 
biologically. 

As mentioned on page 211, a comparison of soils as to fixing power at 
any given application is subject to the criticism that at other applications 
other relative as well as absolute results might prevail. This is illustrated 
in figure 4 by the crossing of the curves for Sierra sandy loam and Yolo 

Points a, h, and c above indicate that the concentrations given in column 7 of 
table 2 at 100 per cent water represent an approximation of the concentrations in the 
soil solution. Roughly equal toxicities are thus associated with roughly equal average 
concentrations for four different classes of soils, suggesting that the soils would be 
alike in field and greenhouse toxicity if it were not for differences in fixing power. 
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Fig. 5.—Percentage yields plotted against applications of arsenic to the soil for 
Fresno sandy loam, Sierra sandy loam, Yolo adobe clay, and Yolo clay, each point 
representing the mean of 3 or 4 greenhouse runs. 



C /'co/?ce/7tratW'f) <?/ /OO per ce/fi a£ cpproximo^e/y / treeArs-pp/n 

Fig. 6, —Same percentage yields as in figure r> ]:)lotted against the calculated 
concentrations of arsenic at 100 per cent A\{iter taken from figure 4. 


adobe clay at an application of about 305 p.p.m. Below this application, 
Sierra sandy loam would show the grealesi percentage fixation, while 
above it the relation would be reversed, as shown in table 3 at approxi¬ 
mately 7 w'eeks and an application of 340 p.p.m. Reversals in rank would 
undoubtedly occur in some cases in table 1 if comparisons were made at 
an application other than 300 p.p.m. Apparently, however, these re¬ 
versals would involve minor shifts in position. Some of the present incon¬ 
sistencies might be resolved and others accentuated, but apparently the 
broad relation between toxicity and fixation would be unaffected. 
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GENERAL DISCUSSION 

The data presented in this paper lead to several general conclusions. 
First, different soils fix different percentages of a given application of 
arsenic. Second, the light soils of relatively low moisture-holding capac¬ 
ity, in general, fix least, and the heavy soils of high moisture-holding 
capacity fix most arsenic. Several exceptions are noted. Thus the red 
soils appear to have a high fixation capacity, apart from textural grade, 
because of their iron content, whether this be a chemical or physical or 
mixed effect. The one organic soil tested proved to have a high fixing 
power, though of medium textural grade. Third, as above qualified, light 
soils require less arsenic to sterilize them than do heavy soils. In a general 
sense, therefore, toxicity is inversely related to fixing power. Fourth, 
moisture content at field capacity is not important in determining tox¬ 
icity. Thus the light soils display, on the whole, the greatest toxicity 
because they fix least arsenic, not becau.se they hold little water. Fifth, 
considerable differences appear in the rates at which different soils fix 
arsenic. 

With these broad conclusions in mind, one sees that the concentration 
of water-soluble arsenic serves as a general indicator of toxicity. As men¬ 
tioned in the Inli'oduction, other investigators ( 15,11,3) have suggested 
that the 0.1 N ainrnouium-acetate-.soluble, the dilute-acid-soluble, and 
the dialyzable arsenic are each closely coi’related with toxicitj". Also 
(p. 225), as the present authors have indicated, part of the fixed or in¬ 
soluble arsenic may be effective in eamsiug toxicity. Judging from the.se 
observations, in the field t)f arsenic toxicity, as in the study of mineral 
nutrition, the question of “availability” is complex ; in the present state 
of knowledge, one cannot state which fractions of the total arsenic should 
be considered strictly responsible for toxicity effects. The replacement of 
ad.sorbed phosphate by other anions occurs, as shown by Scarseth (12) 
and others; and Cooper, (t al. (1) have observed in the field that arsenic 
toxicity is greatly increa.sed by treatment with soluble phosphates. All 
that can be .said is that toxicity is more clo.sely correlated with water- 
soluble arsenic than with total arsenic, and that other fractions, more 
closely related to water-soluble than total, may also correlate with 
toxicity. 

The data bearing on the effect of the amount of water upon concentra¬ 
tion indicate that one should not use an unnecessarily large amount of 
water in making a soil extract for purposes of determining arsenic solu¬ 
bility if the results are to be reported on the basis of dry soil. Data at any 
convenient extraction ratio may serve certain purposes of comparison 
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within the limits of a given investigation, but the results obtained with 
1:10 extracts by Eeed and Sturgis {11), for example, are not compara¬ 
ble with those obtained with 1:5 extracts by Vandeeaveye, Homer, and 
Keaton {15), or with those obtained with 1:1 extracts reported here, even 
though all are given on the basis of dry soil. 

With behavior 2, 3, or 4, as described on pages 218-20, an erroneously 
high result will be obtained by multiplying the observed concentration 
by a factor equivalent to the extraction ratio, and the higher the ratio 
the greater the error. 


SUMMARY 

With certain exceptions, notably the red soils, light soils fix the lowest, 
and heavy soils the highest, percentage of a given application of sodium 
arsenite. 

Light soils require the least and heavy soils the most arsenic to sterilize 
them. Toxicity is thus inversely proportional, in general, to arsenic 
fixation. 

Arsenic fixation does not occur at a uniform rate in all sods, one soil 
showing an increase in fixation after 7 weeks, another showing very little 
after 18 hours. 

Decreasing the moisture content of a soil below field capacity has no 
effect upon toxicity. This is apparently because, wdthin the range of sub- 
lethal applications, the concentration of arsenic remains about the same 
in some soils and in others decreases. 

Moisture content at field capacity is not an important factor in arsenic 
toxicity. 

Curves of concentration, C, against application. A, may be constructed 
from two experimental determinations of concentration by the use of 
the equation 

log C — —% log {F-x) -f- log K. 

Curves relating the percentage yield in the greenhoiise tests to the 
concentration of soluble arsenic, plotted from the curves of C against A, 
were much more alike than the standard toxicity curves relating per¬ 
centage yield to application of arsenic, on the basis of dry soil—a fact sug¬ 
gesting that arsenic toxicity can be largely explained in terms of fixation. 
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TOXICITY STUDIES WITH SODIUM CHLORATE 
IN EIGHTY CALIFORNIA SOILS* 

A. S. CEAFTS® 


INTRODUCTION 

The successful use of sodium chlorate as a herbicide in a region having 
such diverse soil and climatic conditions as California requires accurate 
knowledge of the relation of soil and climatic factors to its toxic action. 
Several publications have discussed the more important of these factors 
(1-5, 8-9y and preliminary work on their relative importance has been 
reported (3-5,8-11,13). 

For practical weed control with sodium chlorate, one needs a schedule 
of dosages to meet various field conditions. The principal difficulty in 
developing such a schedule is the many factors involved in the end result 
of chlorate application (2). Besides the initial toxicity* as determined 
primarily by nitrate concentration of the soil (5), leaching by rains and 
tlifference in susceptibility of weed species to chlorate are involved. 

To solve the problems of chlorate toxicity, one must separate these 
several factors and determine the range through which each may be ma¬ 
nipulated independently of the others. Only thus may all possible sit¬ 
uations be anticipated and each factor properly adjusted. St. Johnswort 
(Klamath weed), for instance, on a sandy soil with an annual precipita¬ 
tion of 40 inches will require an entirely different treatment than hoary 
cress on clay soil in an arid region. In this field, obviously, the commercial 
concerns distributing sodium chlorate for herbicidal purposes have done 
little or nothing. Realizing the need for more accurate dosage recommen¬ 
dations, the writer collected 80 type soils of California, including most 
of the series impoi-tant in agriculture. The effects of soil type and soil 
fertility upon chlorate toxicity in these soils were investigated. The rela¬ 
tion between fertility and chlorate toxicity (5) revealed in these tests 
has been used as a biisis for a proposed schedule of dosage that should 
prove useful wherever the chemical may be evenly distributed. 

^ lieceivetl for publication January 17, 1938. 

‘Assistant Professor of Botany and Assistant Botanist in the Experiment Station. 

” Italic numbers in parentheses refer to ‘‘literature Cited” at the end of this paper. 

* The term “toxicity” has acquired a wide variety of meanings. For purposes of the 
present group of ]>aper8 (5, 7, i/?) the criterion adopted is the application of chemical 
causing an almost complete suppression of grow'tli. This use of the word has developed 
because in the control of weeds the practical object is to inhibit development com¬ 
pletely. 
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TABLE 1 

Toxjcitv^ op Sodium Chlokate in 4 Calipo&nia Soils, as Shown 
BY Growth op Indicator Plants* 


Sodium chlorate 
expressed as 

Yolo clay loam 

Stockton adobe 
clay 

Fresno sandy loam 

Columbia fine 
sandy loam 

p.p.m. NaClOs 
in air-dry soil 

Height 

Fresh 

weight 

Height j 

Fresh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 


Filth run, harvested October 25,1984 


p.p,tn. 

cm 

0tn 

cm 

gm 

cm 

gm 

cm 

gm 

10. 

31 

5.9 


2.9 


3.0 

28 

3.6 

30. 

32 

0.5 

Kfl 

2.8 

26 

3.0 

28 

3.4 

00. 

30 

5.3 

1 27 

3.4 

26 

2.9 

27 

2.9 

100 . 

32 

6 0 


3.4 

26 

2.4 

27 

2.9 

150. 

33 

6.2 


3.8 

28 

8.1 

28 

3.2 

210 .. . . 

38 

7 0 


2.9 

28 

3.8 

39 

3.6 

280 . 

38 

6.1 


2.9 

27 

2.2 

30 

4.1 

360 . 

32 

4.2 


4.0 

26 

2.3 

28 

2.7 

450 . 

30 

3.6 


4.5 

19 

1.1 

24 

2.2 

550. 

28 

3.2 


4 7 

18 

0 8 

22 

1.7 

600 .. 

24 

2.0 

29 

3.8 

12 

0 5 

20 

0.9 

780 . 

19 

1.2 

26 

2.6 


0 4 


0.9 

940 . 

17 

0.8 

21 

1.5 

7 

0 2 


0 7 

1,050 . 

14 

0.6 

16 

0.7 

6 

0 2 


0.4 

1,200 

13 

0.5 

9 

0 4 

5 

0.2 


0.4 

1,360 .. 

11 

0.4 

8 

0.2 

5 

0.1 


0 3 

1,530 .... 

9 

0.3 


0.3 

0 

0.0 


0.2 

1,710. 

9 

0.4 


0.2 

0 

0.0 


0.2 

1,900. 

8 

0.2 


0.1 

0 

0.0 


0 1 

2,100. 

7 

0,2 


0.0 

0 

0.0 


0.0 

2.310. 

6 

0.2 


0.0 

0 

0 0 

0 

0.0 

2,530. 

6 



0.0 

0 

j 0 0 

0 

0 0 

2,760. 


0.1 

0 

0.0 

0 

0.0 

0 

0.0 

Check 

30 

5.7 

25 

3.1 

24 

_ 

2.5 

24 

2 6 


Seventh run, harvested November 16, 1935 


p.p.m. 

cm 

gm 

cm 

gm 

cm 

gm 

cm 

gm 

360 . . 

26 

6.1 



22 




450 

28 

5.6 



18 

1.7 

23 

3 9 

550 . .. 

28 

5 8 



16 

1.1 

21 

2.6 

660 . . . 

24 

3 5 



11 

0.6 

19 

2.4 

780 . . 

22 

2.0 

24 


9 

0.6 

15 

1.4 

940 

16 

1.2 

24 

3.5 

5 

0.3 

13 

1.0 

1,050 

15 

1.1 

23 

2.9 

6 

0.3 

11 

0.7 

1,200 

10 

0.8 


1.3 

5 

0.2 

10 

0.6 

1,360. 

10 

0,7 


1.4 

4 

0,2 

6 

0.4 

1,530 . 

7 

0.6 


1.0 

0 

0.0 

5 

0.3 

1,710 . .. 

7 

0 6 



0 

0.0 

4 

0.2 

1,900 

6 

0 4 



0 

0.0 

4 

0.2 

2,100 

5 

0 4 

6 

KH 

0 

0.0 

4 

0.2 

2,310 

5 

0.3 


HiH 

0 

; 0 0 

4 

0.1 

2,530. 

4 

0 3 



0 

0.0 

3 

0 1 

2,760 

4 

0.2 . 



0 

1 0 0 

4 

0.1 

3,000 

3 

0 2 

3 

0 2 

0 

1 0 0 

0 

0.0 

Check 

23 

3 9 

18 

2 6 

2] 

2 9 

1 

2] 

3.3 


• The check cultures represent the average of 20 replicates; all other values are the a-verage of 5 repli¬ 
cates. 
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ADDITIONAL CROPS ON SOILS PREVIOUSLY TESTED 

A previous publication (4) has discussed toxicity tests on 4 California 
soils, giving the data on the first 3 crops. This series was cropped four 
more times; and to complete the picture of the changes in toxicity that 
were revealed, table 1 has been prepared to show the results of the fifth 
and seventh crops. Values for the cheek cultures in this table represent 
the average of 20 replicates. All other values are the average of 5 repli¬ 
cates. 

Considering all 7 runs, one sees that chlorate toxicity in the Stockton 
adobe clay, though highest at the beginning of the test, had dropped by 
the seventh run to a lower level than in the Yolo clay loam. The crop pro¬ 
duced by the Stockton soil was, furthermore, consistently low. Although 
the initial toxicity seems related to the nitrate content of the soil (.5), the 
loss in toxicity with time and cropping is caused by some soil factor ap¬ 
parently unrelated to fertility. 

Toxicity in all 4 soils was lowered during these tests, and by the seventh 
run even that of the Fresno sandy loam had dropped to a value approxi¬ 
mately that of the first run in the Yolo soil. By comparing points on the 
toxicity curve’ for the first and seventh runs on the.se soils at the crop 
level of 1 gram, one finds the changes to be for Fre.sno sandy loam 150 to 
560 p.p.m., or a diflFerence of 410; for Columbia fine sandy loam 450 
to 940 p.p.m., or a difference of 490; for Yolo clay loam 510 to 1,070 
p.p.m., or a difference of 560; and for Stockton adobe clay 40 to 1,530 
p.p.m,, or a difference of 1,490. These are in the order of increasing clay 
content in these soils, but whether the changes are related to particle size 
or to some other property cannot be stated from these few tests. 

EXPERIMENTAL METHODS ON EIGHTY SOILS 

The soils and methods used in these tests have been described in detail in 
other papers (4, .-7). The biological testing method developed through a 
series of stages from a simple technique involving single series of barley 
cultures in earthenware pots to a more carefully controlled practice with 
replication. One early concentration series is illustrated in figure 1. Con¬ 
centrations of chlorate in these cultures, based on the air-dry weight of 
the soil, are 30,120, 240, 375,450, 600, and 900 p.p.m. 

As these early tests soon showed the earthenware pots to be an uncon¬ 
trolled factor, ordinary lacquered tin-plate cans were substituted. The 
No. 2 size of these cans holds 500 grams of most soils and is inexpensive 

* Toxicity curves not published were constructed from table 1 and from table 9 of 
the earlier paper (^). 
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Fig. 1.—An early toxicity test with sodium chlorate in Yolo clay loam. Con¬ 
centrations based on the air-dry soil are 30, 120, 240, 375, 450, 600, and 900 
p.p.m. Barley was used as the indicator plant. 


and convenient. Figure 2 shows a typical toxicity series in Rama da silt 
loam, an alluvial soil of intermediate texture and high fertility. Tn this 
series, concentrations from right to left are 0, 5,15, 40, 80,140, 220, 340, 
490, and 680 p.p.m., based on the air-dry soil. This expanding series, de¬ 
veloped after considerable experiment, has been used in the survey work 
reported in this and in an accompanying publication (7). As shown in 
the illustration, all tests were replicated three times. 



Fig. 2.—A test scries with sodium chlorate in Ramada silt loam. Com'cntra 
tions, based on the air-dry soil, arc 680, 490, 340, 220, 140, 80, 40, 15, 5, and 
0 p.p.m. Three replicates. 


TOXICITY RESULTS ON EIGHTY SOILS 

During the development of the testing method the significance of results 
was considered. One of the first series set up in cans was a chlorate-tox¬ 
icity test involving 15 concentrations and 2 checks, or 17 cultures per 
series. This test was replicated len times and carried through 3 crop¬ 
pings. Data on the first crop (table 2) show how much variation may be 
expected between individual replicates at the various chlorate levels. The 
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average weight values in the last columns, if plotted, give a very smooth 
curve showing the relation between crop weight and chlorate concentra¬ 
tion in the culture. 


TABLE 2 

Toxicity of Sodium Chlorai’e in Yoio Clay Loam, as Shown by Growth 
OF iNDiCAi'OR Plants; 10 Replications 
(Harvested January 35, 3933) 


Sodium chlorate 
expresMod as 
p p.n». NaClOa 
in Bir*dry sod 


p.p,m, 

15 

30 

45 

60 . 

00 

120 

150 

105 

240 

300 

375 

450 

600 

750 

900 

Chet'k 

('heck 


Sodium chlotutc 
ex()res.scd as 
p p III Na<'!()a 
in air-drv >Mid 

p p.TH 

15 

30 

45 

(K) 

90 

120 

150 

195 

240 

300 

375 

450 

600 

750 

900 

('heck 

C'heck 


First leplicale 


Height 

Fresh 

weight 

cm 

gni 

13 0 

11 8 

13 0 

11 2 

12 5 

10 8 

11 5 

7 6 

10 5 1 

5 9 

8 0 

2 9 

9 0 

3 9 

tl 0 

2 5 

4 0 

1 0 

3 0 

1 0 

2 5 

0 6 

2 0 

0 6 

1 5 

0 4 

1 0 

! 0 3 

1 0 1 

0 2 

13 0 j 

10 5 


12 0 I 10 9 


Fifth replicate 

Height 

Fiosh 

weight 

cm 

<jm 

12 5 

10 9 

12 0 

10 1 

12 5 , 

9 5 

n 5 ! 

7 4 

11 0 1 

5 9 

9 0 j 

; 4 6 

S 5 

3 2 

4 0 

1 1 

4 5 

1 4 

3 0 

0 6 

2 5 

0 6 

2 0 

0 6 

1 5 

0 3 

1 0 

0 3 

1 0 

j 0 2 

13 0 

1 11 0 

13 0 

It s 


Second replicate 


Height 

Fresh 

weight 

CVl 

ffm 

13 0 

10 7 

12.5 

9 8 

11 5 

8 6 

12 0 

7 6 

11 0 

5 7 

10 0 

3 9 

8 5 

3 5 

5 0 

1 6 

3 0 

1 0 

2 5 

0 6 

2 5 

0 7 

2 0 

0 5 

I 5 

0 5 

1 0 

0 2 

1 0 

0 2 

13 0 

10 1 

12 5 

10 0 

Sixth replicate 

Height 

1 

Fr«+h 1 
weight 

cm 

gm 

13 0 

10 9 

13 0 

11 7 

12 5 

10 3 

12 5 

11 1 

11 0 

7 8 

10 0 

4 3 

7 0 

3 4 

4 0 

1 3 

3 0 

0 8 

2 5 

0 7 

2 0 

0 5 

2 0 

0 h 

1 5 

0 3 

1 0 

0 3 

i 0 

0 2 

13 0 

11 4 

13 0 

11 6 


Third replicate 


Height 

Fresh 

weight 

cm 

12 5 

gm 

10 4 

13.0 

10 7 

12 0 

8 9 

12 0 

8 1 

11 5 

6 6 

10 0 

4 8 

8 5 

3 4 

4 5 

1 7 

4 0 

1 4 

3 0 

0 8 

2.5 

0 5 

2 5 

0 7 

1 5 

0 3 

1 0 

0 3 

1 0 

0 1 

12 0 

10 3 

! 12 5 

i 11 2 

Seventh leplicate 

Height 

Fresh 

weight 

cm 

12 0 

gm 

11 3 

13 0 

11 6 

12 0 

10 G 

12 5 

10 0 

10 5 

5 7 

10 0 

5 2 

7 0 

2 3 

4 5 

1.9 

3 5 

1 1 

3 0 

0 9 

! 2 0 

0 « 

1 5 

0 5 

1 5 

0 4 

1 0 

0 3 

1 0 

0 2 

13 5 

11 7 

1 13 0 

11 5 


Fourth replicate 


Height 

Fresh 

weight 

cm 

13 0 

gm 

9 8 

13.0 

10 6 

12 0 

9.0 

11 5 

6 6 

11 5 

7 4 

10 0 

4 0 

8 5 

3 3 

4 0 

1 5 

3 5 

1 0 

3 0 

0 8 

2 5 

0 6 

2 0 

0 5 

1 5 

0 3 

1 0 

0 2 

1 0 

0 2 

13 5 

11 5 

12 5 

11 3 

Eighth replicate 

Height 

Fresh 

weight 

cm 

12 5 

gm 

11 4 

13 0 

11.6 

11 5 

9 5 

12 0 

9 7 

10 5 

6 5 

9 5 

4 2 

8 0 

3 4 

5 0 

1 8 

4 0 

I 7 

3 0 

1 0 

2 5 

0 7 

2 5 

0 7 

1 5 

0 4 

1 0 

0 3 

1 0 

0 2 

13 0 

11 2 

12 5 

10 5 
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TABLE 2— {Concluded) 


Sodium chlorate 
expreeaed as 
p.p.m. NaClOt 
in air~dry soil 

Ninth replicate 

Tenth replicate 

Average 

Average expressed 
as i>er cent of checks 

Height 

Fresh 

weight 

Height 

Freeh 

weight 

Height 

Fresh 

weight 

Height 

Fresh 

weight 

p.p.m. 

cm 

gm 

cm 

gm 

cm 

gm 

per cent 

per cent 

15. 

12.5 

11.8 

11.5 

10.8 

12.6 

11.0 

99.2 

99.1 

30. 

13 0 

11.7 

12.0 

10.5 

12.8 

11.0 

100.7 

98.8 

45 .. 

11,5 

10.2 

11.0 

8.5 

11.9 

9.6 

94.0 

86.5 

60. 

12.0 

10.4 

11.0 

8.7 

11 9 

8,7 

93.7 

78.7 

90. 

10.0 

5.6 

10.0 

5.1 

10.8 

6.2 

85.0 

50.2 

120. 

10.0 

6.1 

10.0 

5.9 

9.7 

4.8 

76.2 

40.6 

150 . 

8.0 

3.1 

6.5 

2.3 

8 0 

3 2 

62.8 

28.9 

195. 

5.0 

1.8 

5.0 

1.9 

4 7 

1 7 

37.2 

15.4 

240 .. . . 

3.0 

1.0 

3.0 

1.1 

3 6 

1 2 

28.1 

10 4 

300.... 

2.5 

0.7 

2.5 

0.7 

2.8 

0.8 

22.1 

7.0 

875 .. 

2.0 

0 8 

2.0 

0.6 

2.3 

0.6 

18.2 

5.6 

450 . 

2.0 

0.6 

2.0 

0.8 

2.1 

0.6 

16.2 

5.5 

600. 

1 5 

0 4 

1.5 

0 4 

1 5 

0.4 

11.9 

3.3 

750. 

1.0 

0.3 

1.0 

0.3 

1.0 

0.3 

7.9 

2.5 

900.. 

1 0 

0.2 

1 0 

0.2 

1 0 

0 2 

7,9 

1.8 

Check... 

12.5 

11 3 

12 0 

12 1 

12.8 

11.1 

101 5 

100 3 

Check .. 

12.0 

10 3 

11 5 

10.8 

12.5 

11 1 

98 5 

99 7 


As too much work was involved in setting up and conducting tests 
involving this amount of replication, an attempt was made to reduce it 
by using only 5 replications. This arrangement was especially necessary 
because higher concentrations were needed if more than 1 cropping was 
to be used. 

To ascertain the long-time behavior of arsenic, borax, and chlorate, 
series of tests using these chemicals in 4 California soils were established 
and have been reported—the borax results for 5 crops in a previous pub¬ 
lication {6), the arsenic results for 7 crops in an accompanying paper 
(7), and the chlorate results in a previous paper (4) and in the present 
paper (table 1). 

The early chlorate test indicated that crop production and toxicity 
were related, but with so few soils no generalization could be made. Con¬ 
sequently, chlorate tests were conducted on 80 type soils; and, with this 
number to judge from, the relation between high toxicity and low fer¬ 
tility became apparent. The soils used have been described in a com¬ 
panion paper (7). The technique was the same except that all chlorate 
tests included the 5 p.p.m. concentration and lacked that at 920 p.p.m. 

Data on these tests, arranged in the order of increasing fertility as 
judged by crops on the untreated checks, are given in table 3. Where 2 or 
more series have the same crop weight in the checks, the ranking was 
determined by comparing total weights of the crops in the 3 check cul- 
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tures. In making up the averages reported, the figures in the second 
decimal place have been discarded, so that the averages lack the detail 
of the original totals. Where the totals were the same for 2 or more series, 
the soil with the highest toxicity, as indicated by the fewest surviving 
cultures, was placed first. 

The relation of high toxicity to low fertility is apparent from table 3 
and figure 3. That texture has no effect upon toxicity is evident. Without 
doubt, when other factors are constant, chlorate toxicity is largely de¬ 
termined by the fertility of the treated soil. 

Among the apparent exceptions. No. 23, Kositas fine sand, No. 36, 
Superstition gravelly sand. No. 50, Meloland fine sandy loam, and No. 66, 
Imperial clay, attract attention. These soils are all from the Imperial 
Valley. Formed under arid conditions, they are high in salts, with sul¬ 
fates; chlorides, and bicarbonates in abundance. Whereas nitrates are 
reported most effective in reducing chlorate absorption by plants, other 
anions are also involved; and these 4 soils apparently exemplify this fact. 
These anions hinder the absorption of chlorate and reduce toxicity with¬ 
out increasing crop production as does nitrate. No. 3, Dunnigan clay, 
and No. 10, Tulare clay, are 2 other soils moderately high in salts and 
very low in fertility. These 6 constitute the only serious exceptions to be 
noted in table 3. 

The factors limiting the crop produced on a given sample of soil are 
numerous and varied. Besides fertility they include temperature, light, 
humidity, length of day, and combinations of these as related to the 
microbiological processes occurring in the culture. Since most of these 
factoi-s were under little or no control in the greenhouse where the tox¬ 
icity studies have been made, tests at different times and on different 
samples of the same soil vary appreciably. Table 4 presents data on tests 
at various dates on a number of soils. As in the accompanying paper (7) 
on arsenic, these results indicate the variations caused by lack of constant 
culture conditions and stress the desirability of running comparative 
tests on many soils at one time. 

Since the I'elation between application and crop produced varies when 
tests are run under varying environmental conditions and when different 
samples of a given soil type are used, nitrate content or possibly total 
anion content might be a better criterion for judging chlorate dosage 
than is crop production. For practical purposes, however, the simple 
biological test is convenient where greenhouse facilities are available; 
and when comparisons are made simultaneously on all soils to be tested, 
the results seem reliable enough to determine relative dosages for appli¬ 
cation in the field. 
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TABLE 3 

Toxicity of Sodium Chlorate in 80 Califoenia Soils as Shown 
BY Growth of Indicator Plants 


Chlorate concentration—NaClOa in p.p.m. in air-dry eoil 


No. 

Soil type 

Date of harvest 

0 

5 

15 

40 

80 

140 

220 

340 

49Q 

680 

Fresh weight of plants 




Om 

gm 

gm 

gm 

gm 

gvi 

gm 

gm 

gm 

gm 

1 

Aiken clay loam 

Dec 26.1935 

0.5 

0 3 

0 1 

0 1 




* 



2 

Pinole loam 

Dec 26. 1935 

1.2 

1.3 

0 5 

0.1 

0.1 





* 

3 

Durmigan clay 

July 26, 1934 

1.2 

1.1 

0 8 

0.5 

0 2 

0 1 





4 

Merced adobe clay . 

Dec. 26, 1035 

1 4 

1.5 

1 3 

0.3 

0 1 






5 

Conejo adobe clay 

Dec. 26, 1935 

1 4 

1.3 

0 5 

0.1 







6 

Niland gravelly sand 

May 15. 1935 

1.4 

1.2 

0.6 

0.5 

0.3 




* 


7 

Aiken gravelly loam 

Feb. 2. 1935 

1 5 

0 6 

0.2 

0 1 



• 




8 

Alamo adobe clay 

Dec. 26. 1935 

1.5 

1.4 

0 8 

0 3 

0 2 






9 

Anita adobe clay 

Dec. 26.1935 

1 6 

1.6 

0 6 

0 1 

0 1 I 






10 

Tulare clay 

Dec. 26, 1935 

1 6 

1 7 

0 7 

0 3 

0 2 

0 1 





11 

Oakley sand . 

Dec. 26. 1035 

1 7 

0 9 

0 4 

0.1 1 




* 

1 


12 

Corning gravelly loam 

Feb. 1.1935 

1.7 

1,3 

0 4 

0.1 



* 




13 

Fresno light clay 

Dec. 26, 1935 

1.7 

1.0 

0 5 

0.1 




• 



14 

Yolo adobe clay 

Dec. 26. 1935 

1.8 

1 2 

0.4 

0 2 







15 

Tulare fine sandy loam 

Dec. 26, 1935 

1.8 

1 2 

0 6 

0 2 

0 1 




• 


10 j 

Tnjungasand 

May 16. 1935 

1 8 

1 3 

0 4 

0.2 

0.1 




• 


17 

Montezuma adobe clay 

Dec. 26, 1935 

1 8 

1 5 

0 5 

0 2 

0 1 






18 

Clear Lake adobe clay . 

May 15, 1935 

1.8 

1.5 

0 4 

0 1 

0.1 






19 

Far well adobe clay ! 

Dec. 26, 1935 

1 8 

1 4 

0 6 

0 3 

0 1 





• 

20 

Madera clay . 

Dec. 20. 1035 

1 9 

1 8 

0.7 

0 2 

0 1 






21 

Gndley loam 

Dec. 26, 1935 

1 9 

1 0 

0 8 

0 4 

0 1 

0 1 



« 


22 

Landlow adobe clay 

Dec. 26. 1935 

1 9 

2 0 

1 5 

0 5 

0 2 

0 1 





23 

Rositos fine sand 

May 15. 1935 

2 0 

1 8 

1 0 

0 8 

0.4 

0 2 

0 2 

0.1 



24 

Sierra gravelly loam 

Feb. 2. 1935 

2 1 

2 1 

1 1 2 

0 2 

iOl 

0 1 



m 


25 

Arbuckle clay loam 

Aug. 19, 1934 

2 1 

1 9 

1 0 

0 3 

0 2 

0 1 



• 


20 

Panoche light loam 

Dec. 20. 1935 

2 1 

1 7 

0 7 

0 3 

0 1 




* 


27 

Diablo adobe clay 

Dec. 26, 1936 

2 2 

2 0 

1 2 

0 4 

0 2 






28 

Stockton adobe clay 

May 16. 1935 

2 3 

2 3 

1 7 

0 8 

0.3 

0 2 

0 1 




29 

Mariposa silt loam 

Feb. 1, 1935 

2 3 

2 2 

1 9 

0 2 

0 1 

0 1 





30 

Vina loam 

Dec 20, 1935 

2 4 

2 1 

1 7 

0 6 

i 0 2 

0 1 




« 

31 

Willows adobe clay 

Feb. 2, 1935 

2 5 

i 1 8 

1 0 

0 2 

! ® ^ 

1 





32 

Oakdale coarse sandy 






I 







loam 

Dec, 26. 1935 

2 5 

2 3 

2 0 

0.7 

0 2 

0 1 




* 

33 

Tehama loam 

Dec 26, 1935 

2.6 

2 2 

1 6 

0 3 

0 1 




* 


34 

Chino silty clay loam 

May 17, 1935 

2 6 

2 3 

1 3 

0 7 

0 4 

0 2 

0 1 




35 

Holland loamy gravelly 













sand . 

Feb 1,1935 

2 6 

2 0 

1 5 

0 4 

0 2 

0 1 


» 



36 

Superstition gravelly 













sand 

May 17, 1935 

2 0 

2 3 

1 5 

1 0 

0 8 

0 6 

0 3 

U i 


• 

37 

Marvin silty clay loam 

Dec. 26, 1935 

2 7 

2 7 

2 4 

0 8 

0 3 

0 1 





38 

Sites adobe clay 

Feb. 1. 1935 

2 8 

3 0 

2 3 

0 5 

0 3 

0 1 



• 


39 

Salinas clay 

Dec 26, 1035 

2 8 

2 3 

1 1 

0 7 

0.4 

0 1 





40 

Placentia light loam 

May 15, 1935 

2 8 

2 4 

1 4 

0 8 

0 4 

0 1 





41 

Foster fine sandy loam 

Dec 26, 1935 

3 0 

2 3 

1.4 

0.7 

0 2 

0 1 





42 

Greenfield coarse sandy 













loam.. 

Dec. 26, 1935 

3.0 

2 7 

1 1 

0 4 

0 1 

0.1 




« 


• Germination of eeeda prevented at this and all higher concentrations. Freeh weit'ht of plantjt in 
cultures between reported weight and point of no germination was lese than 0.1 gram. 
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TABLE 3— {Concluded) 





Chlorate concentration—NaClOa in p.p 

.in, 

, in air-dry soil 

No. 

Soil type 

Date of harvest 

0 

5 

15 

40 

80 

140 

220 

340 j 

490 

680 




Fresh weight of plants 




gm 

gm 

gm 

gm 

gm 

gm 

gm 

' ' ■] 

gm 

gm 

gm 

43 

Porterville adobe clay 

Dec. 26. 1935 

3 0 

2.8 1 

1 9 

0 

7 

0 4 

0 

1 

0 

1 




44 

Rocklin sandy loam. . 

Feb 2. 1935 ! 

3.0 

2.8 1 

2 0 

0 

4 

0 2 

0 

1 

0 

1 




* 

45 

Salinas fine sandy loam . 

Dec. 26. 1935 ! 

3 0 

2 9 ' 

2 4 

0 

6 

0.3 

0 

1 







40 

Hanford fine sandy loam 

Dec. 26. 1935 

3.1 

2 4 

1 3 

0 

7 

0 4 

0 

2 

0 

1 





47 

Montezuma adobe clay 

May 15. 1935 

3 1 

3.1 

2 6 

0 

9 

0.4 

0 

2 






• 

48 

Honeut loam 

Dec. 26. 1935 

3 1 

3 2 

3.0 

1 

4 

0 4 

0 

2 

0 

J 





49 

Redding gravelly loam. 

Jan. 11, 1936 

3 2 

2 7 

2 7 

1 

3 

0 4 

0 

1 






« 

50 

Meloland fine sandy 

















loam 

May 17. 1935 

3 2 

3 3 

3 2 

2 

4 

2 1 

1 

6 

1 

1 

0 

0 

0 5 

0 4 

51 

Ramona sandj' loam 

May 17. 1935 

3 3 

3 2 

1.6 

1 

0 

1 0 6 

0 

3 

I 0 

1 



• 


52 ! 

Antioch clay loam.. 

Dec. 26. 1935 

3 3 

3-5 

3 2 

1 

5 

; 0 6 

0 

3 

0 

1 





53 

Merced fine sandy loam 

Dec. 26. 1935 

3.0 

3 6 

2 4 

0 

8 

1 0 3 

0 

2 







54 ' 

Yolo loam 

Feb. 1. 1935 

3 7 

3 5 

3 2 

0 

9 

i 0 4 

0 

1 





* 


55 

Delano finesandy loam 

Dec 26, 1935 

3 7 

3 4 

3 3 

1 

6 

I 0 5 

0 

3 

0 

1 





50 

Pleasanton loam 

Dec 26.1935 

3 8 

4 0 

3 5 

1 

9 

0 7 

0 

4 

0. 

2 





57 ! 

Hanford sand> loam 

Dec. 26, 1935 

3.9 

3 4 

2 3 

1 

2 

0 5 

0 

2 

0 

1 

0 

1 



58 I 

Madera loam 

May 17. 1935 

3 9 

3 8 

3 3 

1 

4 

0 4 

0 

1 





* 


50 

Yolo fine sandy loam 

Feb. I. 1935 

3 9 

4 1 

3 9 

1 

0 

0 5 

0 

1 





* 


00 i 

Fiesno sandy loam 

May 15. 1935 

4 0 

3 9 

3 1 

2 

r> 

1 3 

0 

7 

0 

3 

0 

1 


♦ 

01 

Yolo claj 

Feb 1. 1936 

4 1 

4 0 

3 9 

1 

3 

' 0 5 

0 

1 







62 ! 

Arbucklegravelly sandy 







1 










loam 

Fob 2, 1935 

4 1 

4 3 

4 0 

1 

9 

i 0 7 

0 

2 

0 

1 

0 

1 



63 

San Joariuin loam 

May 17, 1935 

4 1 

3 9 

3 4 

1 

3 

i 1 0 

0 

5 

1 0 

2 

0 

1 



04 

( ’hualar fine naiidy loam 

Dec, 26, 1936 

4 1 

3 8 

3 3 

1 

4 

! 0 5 

0 

2 







65 

Dublin adobe cla> 

Dec. 26, 1935 

4 1 i 

3 5 

2 4 

i 1 

1 

' 0 ' 

0 

4 

0 

2 

0 

1 

0 1 

0 

66 

Imperial clay 

May 17. 1935 

4 3 

4 4 

3 6 

i 1 

9 

1 ' ^ 

0 

9 

0 

6 

0 

4 

0 2 

0 1 

67 

Sminisandv loam 

Feb. 2. 1935 

4 4 

4 6 

3 9 

1 

6 

0 4 

0 

1 





* 


68 

( 'npa\ adobe clay 

Feb 1, 1935 

4 5 

4 7 

4 5 

1 ” 

9 

1 0 2 

i 0 

1 





* 


00 i 

Hspui to cla\ 

Feb. 1. 1935 

5 4 

5 8 

6 3 

3 

0 

1 0 

0 

2 

0 

1 





70 

Sites fine sandy loam 

Feb. 2, 1935 

5 6 

6 1 

5 6 

3 

8 

I 5 

0 

4 

0 

1 

0 

1 


0 

71 

Far well loam 

Dec. 26. 1935 

5 6 

5 5 

5 3 

3 

2 

! 1 2 

0 

3 

0 

1 





72 

llamada silt loam 

Dec. 26, 1935 

5 7 

5 8 

4 8 

3 

2 

1 5 

0 

7 

0 

2 

0 

1 



73 

Egbert loam 

Ma\ 15, 1935 

6 2 

6 0 

5 9 

5 

0 

i 4 6 

3 

2 

1 

4 

0 

7 

0 4 

0 1 

74 

('ohimbm siltv clay loam 

May 17. 1935 

6 5 

6 8 

7 3 

5 

7 

4 0 

2 

1 

1 

2 

0 

7 1 

0 5 

0 2 

75 

Panoche adobe clav 

Dec 26, 1935 

6 9 

6 2 

6 5 

4 

0 

1 2 5 

1 

2 

0 

8 

0 

4 

0 3 

0 1 

70 

Columbia finesand> 





1 












loam 

Ma> 15. 1935 

7 8 

7 5 

7 8 

■ 6 

0 

3 8 

2 

6 

1 

8 

1 

1 

0 7 

0 3 

77 1 

Sacramento claj loam 

May 15, 1935 

7 9 

7 3 

7 7 

6 

1 

3 2 

2 

1 

« 

9 

0 

5 

0 2 

0 1 

78 

Yolo silt loam 

Feb 1.1935 

1 H 8 

8 3 

8 3 

i ^ 

4 

7 1 

4 

9 

3 

3 

0 

9 

0 6 

0 2 

79 

Yolt> clav loam 

! Feb. 1. 1935 

9 2 

1 8 8 

9 6 

8 

6 

: 6 4 

1 

5 

1 

1 

0 

.5 

0 3 

0 1 

80 

A'olo cla\ Kami 

May 15. 1935 

11 2 

12 0 

1 

11 8 

9 

4 

; ' ' 

4 


2 

9 

1 

4 

0 8 

0 4 


* CierminatKMi of r>rt»vonto<i at this and all lughor ct^ncent rat ions. Frosh of plants in 

cultiirw hetweon rojH^rted weight and i«nnt of no geitninalion \%as lp8i> than 0 1 gram 
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rig. 3.—Test series with sodium chlorate in Aiken gravelly loam, Hanford 
sandy loam, and Panoche adobe clay. Concentrations nm from 680 to 5 p.p.m. 
NaClO, with check cultures on the extreme right. Three replicates. Toxicity is 
closely correlated with fertility and is unaffected by texture. 


DISCUSSION 

To use sodium chlorate in weed control in semiarid regions one must 
know, among other things, the relative influence of its vertical distribu¬ 
tion in the soil, and the comparative susceptibility of the plant species 
involved. Distribution, as previously explained {2, 3, d, 11), depends 
largely upon leaching and is related both to precipitation and to soil type. 
Susceptibility in the practical sense includes: first, tolerance of the toxic 
action of the herbicide and, second, root distribution as related to pene¬ 
tration of the chemical into the soil. 

How rainfall and soil type affect distribution of chlorate in the soil has 
been indicated {2,3,4,11). With the extreme variations that occur in soil 
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TABLE 4 

Comparative Besulth or Toxicity Tests on Bepeateo Buns with Sodium 

C>HLORATE IN 6 OAIilFORNIA SOII/S 





Chlorate concentration—NaCHOi in p.p 

in. in air-dry soil 

Soil type 

Run 

No. 

Date of harvest 

0 

5 

15 

40 

_ 

80 

140 

220 

340 

490 

680 




Freeh weight of plante 




Feb. 1.1935 

gm 

2.1 

gm 

1,7 

gm 

0.7 


gm 

0.1 

gm 

gm 

gm 

gm 

gm 

Arbuokle olay loam. 


2t 

Aug. 19.1934 

2.1 

1.9 

J 0 

0.3 

0.2 

0 1 







3t 

Dec. 4.1936 

8.6 

8.4 

*2.3 

0 4 

0.1 

0.1 







[*i 

Feb. 17,1936 

4.4 

4.8 

6.6 

0 9 

0.5 

0.1 

0.1 






fit 

May 15.1035 

7.8 

7 5 

7.8 

6.0 

3.8 

2 6 

1 8 

1.1 

0.7 

0.3 

Columbia fine sandy 


2i 

Nov. 26, 1936 

8.8 

9.2 

9 1 

8,1 

5.2 

2.2 

0.7 

0 1 



loam.... 


31 

Dec. 7. 1033 

9 2 

9 1 

8 8 

7.3 

5 5 

3.5 

2.4 

1.9 

0.9 

0.4 



[*i 

Feb. 17,1936 

11.4 

11 0 

10.4 

8 8 

6.5 

4.4 

4.1 

1 0 

0.6 

0 1 



fu 

Nov. 26. 1930 

3 4 

3,3 

2 9 

1,4 

0.4 

0.1 

0.1 




Fresno sandy loam 


2t 

May 15, 1935 

4 0 

3.9 

3 1 

2.5 

1.3 

0 7 

0.3 

0.1 





31 

Dec. 7. 1933 

6 0 

5 1 

3.9 

2.8 

2 3 

1.2 

0 4 

0 2 

0.1 




k 

Feb. 17.1936 

7.9 

8 4 

8.3 

6.0 

3 3 

1 8 

0.5 







Nov. 26. 1936 j 

2.2 

1.6 

1 1 

0.3 

0.1 






Stockton adobes olay 


21 

Dec, 7, 1033 

2 3 

2.2 

1 0 

1 0 

0 5 

0 1 

0 1 






3t 

May 15, 1935 

2 3 

2 3 

1 7 

0 8 

0 3 

0 2 

0 1 






l«5 

Feb. 17,1936 

5 5 

5.0 

4 0 

1 4 

0 4 

0 1 

0.1 





1 

fl* 

Aug. 19, 1934 

3.6 

3 0 

1.7 

0.7 

0 4 

0 2 

0 1 




Yolo fine* sandy loam 


l2t 

Feb, 1, 1935 

3 9 

4.1 

3 9 

1 0 

0.5 

0 1 






1 

135 

Feb. 17, 1936 

5 6 

5.6 

4 8 : 

4.9 

3 2 

1 1 

0 1 

0.1 




1 

k 

Dec. 4.1936 

7 7 

6 7 

5 7 

3 2 

1 4 

0 7 

0.3 

0.1 





fit 

Feb. 1, 1936 

9.2 

8 8 

9.6 

8 6 

6 4 

1 5 

1 1 

0 5 

0 3 

0 1 



Ut 

Nov. 26.1936 

9 3 

6 6 

6.1 

4 0 

2 9 

1.7 

0.9 

0.3 

0 2 

0 1 



3H 

Oct. 29, 1932 ] 

9.7 

11 0 

11.3 

11 0 1 

9.8 

7 9 

5 5 

3 3 

2.3 

1 0 

Yolo clay loam 

J 

|4* 

Aug. 19, 1934 1 

11 0 

10.1 

8 9 

6 7 

4.4 

2 6 

1 2 

0 7 

0.3 

0.2 



51 

Dec 7, 1933 

11 1 

10 7 

9 5 , 

7 8 

6 0 

4 6 

3 8 

1.8 

1 2 

0 2 



0** 

Jan. 15. 1933 

11 1 

11 0 

11.0 

10 0 

7.0 

3 6 

1 4 

0.7 

0.6 

0.3 



7t 

May 15. 1935 

11.2 

12 0 

11.8 

9 4 

7.1 

4 7 

2 9 

1 4 

0 8 

0.4 



[86 

Feb 17, 1936 

17 0 

17 4 

16 5 

11.3 

9.1 

4 9 

2 6 

0 9 

0 3 

0 1 


• run staiulnid chwk neiiw. 1 liy interpolation from Crafte (4, table 9). 

t From table 3. j'l By interi.>olaUon from Crafts (4. taV>le 1). 

X Cbeinical nutrient series, from Crafts (S), •• Hy interpolation fiom table 2. 

S Nutiient sLMicw, fnnn Oafts (o). 

profiles aud in the distribution of precipitation, exact recommendations 
are difficult to formulate, and local experience based upon empirical tests 
and field observation is essential to successful practice. 

Plant susceptibility cannot easily be put on a comparative basis be¬ 
cause it is hard to grow a wide variety of weed species simultaneously 
under constant culture conditions. Some work of this type has been done 
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( 3 , 8 , 13 ), however, and more is contemplated. Collection of information 
is largely a matter of methods; and, as these are developed, all common 
weed species will be tested. The most valuable generalization coming 
from work thus far is that plants native to arid regions seem to tolerate 
more chlorate than plants of humid climates. 

For any given plant, toxicity of chlorate seems to depend largely upon 
the numbers and kinds of anions in the culture medium. In leached soils, 
nitrate effects far overshadow those of other anions (5). In arid regions 
chlorides, sulfates, and biearbonates enter the problem; and in these 
soils, probably, conductivity and nitrate content of soil extracts might 
be combined to provide a toxicity index. Perhaps, eventually, simple 
tests for nitrates and total salts will provide adequate information for 
formulating chlorate dosages. 

Meanwhile an attempt will be made to draw up a schedule for the 80 
soils that have been tested. At the outset, using field experience and the 
results of many plot tests, a basic scale of dosages adequate for control¬ 
ling weeds that yield readilj’" to chlorate is suggested. Such weeds are St. 
J ohnswort, morning-glory, Russian knapweed, Canada thistle, and John- 
son grass. Adequate penetration into the soil as determined by rainfall 
and soil type is assumed, and application should be made at such a time 
that decomposition of the chlorate is minimized. Under these conditions 
the soils of table 3, in which chlorate application up to 80 p.p.m. pro¬ 
hibited growth, should receive 1 pound per square rod. Those limiting 
growth at 140 p.p.m. should receive 2 pounds; at 220 p.p.m., 3 pounds; 
at 340 p.p.m., 4 pounds; at 490 p.p.m., 6 pounds; at 080 p.p.m., 8 pounds. 

Under ideal conditions, of course, these do.sages might be reduced even 
to one-half the values given. Under average conditions, this schedule is 
necessary. Against hoary cress, Bermuda grass, camel thorn, and white 
horse nettle this basic dosage should be doubled. Other common peren¬ 
nials range somewhere between these limits. 

To workers versed in soil characteristics, one fact is apparent: though 
tests of the type in table 3 give a broad view of chlorate toxicity because 
this response is related to fertility, any generalized application of the 
dosage schedule may fail in many specific cases because fertility may 
vary so widely within a soil type. Numerous faetoi's such as jjrevious 
treatment, organic matter content, microflora, and the inevitable vari¬ 
ations in deposition inherent in alluvial soils particularly, all tend to 
cause differences in fertility. Given such difficulties, one criterion may 
often prove useful in determining dosage in the field ; the relative devel¬ 
opment of weeds or of crops in different localities at any gi^'en time is 
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often the best available measure of fertility, and a casual survey of plant 
growth always helps in determining application rate of chlorate. 

The chlorate dosages necessary on certain soils and against some weeds 
are not only too expensive but harmful to the soils. When dosage exceeds 
8 pounds per square rod, the cost approaches that of carbon bisulfide. On 
agricultural areas, considering the time lost through the residual sterility 
from chlorate and the undesirability of introducing sodium into the 
replaceable base complex, it seems advisable to use carbon bisulfide and 
return the land rapidly to crop production. But on waste areas, where 
permanence is to be desired, especially if deep-rooted perennials occur, 
chlorate is the logical herbicide in all cases. 

As these studies emphasize, there are situations where chlorate is the 
best herbicide, other situations where carbon bisulfide is preferable and, 
as an accompanying paper (7) points out, some conditions favor the use 
of arsenic. One should not forget that in weed control numerous reagents 
have proved effective. In a comprehensive plan, all these should be used. 
The field operator should familiarize himself with the various methods 
and their limitations and should iise each reagent to maximum advantage 
in the situation to which it is adapted. 

SUMMARY 

Repeated cropping of chlorate-treated soils resulted in continued loss of 
toxicity. Toxicity to the first crop (i) was highest in Stockton adobe clay, 
second in Fresno sandy loam, third in Columbia fine sandy loam, and 
loAvest in Yolo c]a^^• loam. By the seventh crop toxicities had shifted so 
that Fresno sandy loam stood highest, Columbia fine sandy loam second, 
Yolo clay loam third, and Stockton adobe clay lowest. Although fertility 
largely governs the initial toxicity of chlorate in soils (5), some other 
factor controls the change in toxicity with time and cropping. 

The toxicity-testing method used in studies reported here and in pre¬ 
vious papers has been developed from a simple concentration series with 
barley in earthenware pots to the present technique using oats in repli¬ 
cated series in No. 2 cans. A test with 10 replicates gave excellent results 
but proved labor-consuming and slow’. 

Using a simplified technique with 10 concentrations replicated three 
times, 80 agricultural soils of California were tested for initial toxicity 
when treated with sodium chlorate. 

The general relation of toxicity to fertility (5) was confirmed. In nearly 
every case, soils deviating markedly from the expected results proved to 
have come from arid regions and consequently to be high in total salts. 
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Repeated tests on a given soil type conducted at different times vary 
in the toxicities shown and reveal less correlation between toxicity and 
fertility than do the series run in large numbers for comparative pur¬ 
poses (table 3). For this reason, soils to be compared should be tested 
simultaneously. 

Leaching and species susceptibility are known to affect chlorate tox¬ 
icity. Under average field conditions a schedule of dosages of from 1 to 8 
pounds per square rod should control susceptible species effectively, the 
dosages between these limits being fixed by the fertility of the soil. Under 
ideal conditions this schedule might be reduced. Under average condi¬ 
tions and against resistant species it should be doubled. 

When chlorate dosage runs above 8 pounds per square rod, the cost 
approaches that of carbon bisulfide. Considering the loss of crops and 
the undesirability of introducing sodium into the replaceable base com¬ 
plex, carbon bisulfide seems preferable under these conditions. 

Several chemicals, including arsenic, chlorate, and carbon bisulfide, 
have proved useful in weed control. In a comprehensive program all 
should be used, each under the conditions where it is most effective and 
economical. 
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HOST ORGANS ATTACKED BY BACTERIAL 
CANKER OF STONE FRUITS' 

EDWARD E. WILSON® and WM. B. HEWITT* 
INTRODUCTION 

The most destructive and widespi^ead phase of bacterial canker in 
Prumts is limb cankers. The organism also attacks leaves, blossoms, fruit, 
fruit stems, green shoots, and buds. In an earlier article {!)* compara¬ 
tively little was said concerning the development of these last-named 
phases of the disease during epidemics. As later observations show, cer¬ 
tain infected host organs are important, both from a crop loss standpoint, 
and from the standpoint of avenues through which the bacteria enter the 
tree. These infected organs are ovemimmering sources of the bacteria 
as well. 

British workers are giving considerable attention to a bacteriosis of 
plums (4) and cherries (5). Since one of the organisms associated with 
this disease resembles that of the California disease,''* the present paper 
also supplements earlier published (I, J2, 3) material. 

Proof of the Pathoffcmcity of Cultures from Different Host Organs ,— 
Isolations at different times and from material collected in different 
localities yielded a number of cultures. Inoculation and reisolation of 
certain of these cultures proved their pathogenicity to trees of plums, 
clierries, apricots, and peaches. In order, however to compare represen¬ 
tative culturt‘s from the various host organs more directly, extensive 
inoculations were made into cherry trees of the variety Bing. The results 

^ Received for piildication June 14, 1938. 

- Associate Plant I*athologist in the Experiment Station. 

* Junior Plant I’athologist in the Experiment Station. 

* Italic numbers in parcjitheses refer to ^'Literature Cited,” at the end of this paper. 

‘"'The senior writer has demonstrated (J, S) that Phytomonas pruni^ola (Wor.) 

Bergey et aZ., cause (»f the disease in England, resembles Phytomova^s eerasi (Griffin) 
Bergey et ah, the cause of bacterial canker in California. This evidence will not be 
reviewed here, nor will the status of P. ccrasi as a separate species be examined. 
Suffice it to say that there are reasons for considering as identical P, cerasi and P. 
syringae (Van’llall) Bergey ft al,, the latter causing lilac blight and citrus blast. 
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showed that organisms isolated from leaves, blossoms, blossom buds, fruit 
stems, fruit, and green terminal shoots produced cankers in every re¬ 
spect identical with those produced by Phytomonas cerasi from limb 
canker of pltun (table 1). 


TABLE 1 

pATHooEincrnr or OBOAmsifs r&ou Yasious Host Pasts to Liicbs 


or Bwo Chebxt, Apbil, 1936 


Culture number 

Source of culture 

Average length of 
cankers, in milli¬ 
meters, 10 days 
after inoculation 

Organ and boat 

Locality 

1182*. 

Plum limb canker 

Placer County 

40 

1996 . 

Cherry leaf 

San Joaquin County 

35 

1998 . ... . 

Cherry leaf 

Sacramento County 

53 

1994 . 

Cherry bloeeom 

Sacramento County 

59 

1997 . 

Cherry bloseom 

San Joaquin County 

47 

1999... . 

Cherry blossom bud 

Sacramento County 

37 

2000 . . 

Apricot blossom bud 

Santa Clara County 

35 

2004 . 

Plum blossom bud 

Placer County 

60 

2005 .... . 

Plum blossom bud 

Placer County 

56 

2001 . 

Cherry fruit stem 

Sutter County 

49 

2002. 

Cherry fruit 

Sutter County 

63 

2009 . 

Plum terminal shoot 

Placer County 

70 


• Original culture of PhytomonoB eeran derived from a idngle cell isolation. 


RELATIVE IMPORTANCE OF THE DISEASE ON 
DIFFERENT ORGANS 

Leaf Infection .—Sweet cherries have proved more subject to leaf infec¬ 
tion (fig. 1,A) than other stone fruits. Although an occasional tree 
suffered severe defoliation, no extensive outbreak occurred. Aside from 
being a source for further leaf and fruit infection early in the growing 
season, this leaf phase did not contribute materially to the seriousness 
of the disease. With cherry bacteriosis, Wormald (5) regards leaf spots 
as important carryover sources during summer; but in California the 
dry and (in the interior) warm summers militate against successive 
waves of leaf and fruit infection that might occur in moister and cooler 
climates. It is true with this disease, as Wormald (5) maintains for his 
bacteriosis, that the leaf spots in early stages swarm with bacteria. 

Blossom Infection .—Sweet cherries also proved most susceptible to 
blossom infection (fig. 1, B), though one rather severe outbreak was 
observed on apricot and though some varieties of plum are attacked at 
times. In 1935 blossom infection caused considerable direct lose of the 
cherry crop in three counties. This phase developed concurrently with 
serious outbreaks of limb and branch canker. In numerous cases infected 


















Jan., 1930] WiUoi^-EevMt: Sott Organs Attacked hy Bacterial Canker 051 


blossom clusters arising from primary and secondary limbs were foci 
from which the bacteria passed into such limbs, and thereby instituted 
the most serious phase of the disease. 

The Duarte plum appears comparatively susceptible to attack through 
blossoms. During 1935 and 1937, when many Duarte trees were killed by 
the disease, blossom blight was common. It was not always clear whether 



Fig. 1.—Cherry leaf and blossom infection by Phyiomonas cerasi. A, Typical 
early stages of leaf-spotting of cherry, B, Blossom blight of cherry. The disease 
has proceeded into the spurs, blighting blossoms and leaves as well. 


the bacteria had entered directly tlirough the blossoms at the time the 
blossoms were emerging, or had entered between the scales of the winter 
buds. Wormald (5) was also unable to determine this point. 

Bud Infection .—The winter bods (fig. 2, B), particularly those enclos¬ 
ing blossoms, were frequently infected. Sweet cherry, apricot, and cer¬ 
tain plum varieties exhibited this type of infection more commonly than 
did peaches or almonds. Death of buds took place concurrently with 
severe branch and limb lesions of Duarte, Santa Rosa, and Wickson 
plums during 19.35 and 1937. Bud infection contributed to the severity 
of the disease in three ways: (1) It caused considerable loss of blossom 
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buds. (2) It reduced the future fruitfulness of branches. In figure 2, B 
it may be noted all buds were killed for a considerable distance along a 
fruiting twig. This portion of the twig henceforth fails to produce either 
leaves or blossom. (3) If the infected buds were on spurs, they were fre¬ 
quently the seats whence the bacteria proceeded to invade the branches 



Fig. 2.—Twig and bud infection by Phgtomonas rernsi. A, Bliglitod 
terminal growth of Santa Itos.a plum. B, Bud, spur, and blossom 
blight of cherry. 


bearing the spurs. This was particularly true in Duarte jiluin ; the death 
of many branches was traceable to cankers resulting from bud infection. 
In fact, the susceptibility to bud infection exhibited by the Duarte 
largely explains the high mortality of Duarte trees during 1935 and 
1937. As a later article will show, once infection is established, the bark 
of Duarte plum is somew'hat less favorable to extension of cankers than 
that of President, a variety siiffering little loss in 1935 when it was not 
attacked through buds. In 1936 buds of President trees were attacked to 
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a considerable extent. This appeared to be clearly a case where severity 
of the disease was conditioned in no small way by the frequency of in¬ 
fection. 

Figure 3, C, pictures an infected spur of cherry. Infection probably 
entered through a blossom bud and, by the time the photograph was 
made, had extended to the base of the spur. In such cases, especially if 



Tlfr. 3."-('lu'rrv fruit, podicol, and spur infection hy Phytomonas 
rrrast. A, Lesions on fruit of Jilack Republican cherry. B, Lesions 
on fruit stems of Black Republican cherry. (7, Blighted spur of 
Lambert cherry, showing gum (arrow) exuding from its base. Such 
spurs, particularly those on larger branches, are the foci whence the 
hacteria may spread through the bark tissue into the branch and 
thereby establish the more serious canker phase. 


flio (Hseasc extends into tlie braneli, an oversuTnmering sonree of infee- 
tion is established. Leaf, fruit, and fruit-stem infection of elierries has 
been traced to sindi lioldover soiii-ces. Infe<*tion of eberry buds also 
occurs with bacteriosis in England (5). 

Orn n-IShoof Infcciion. — Infeetion of eiirrent terminal growth (fig. 
2, A) though often not(*d in eoastal counties, was found only once in the 
interior districts. In 1037 it developed concurrently with bud and branch 
infection of Santa Rosa, Wickson, and Duarte plums in the Sierra Ne¬ 
vada foothills. In no case was damage extensive. This green-slnu^t infec¬ 
tion apparently does not play an important part as a carryover source, 
since the bacteria seemed not to survive tlie summer in the shoots to any 
great extent. 
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Thu type of infection is common with the bacterioeis of plume and 
cherries in England (4,5). 

Fruit and Fruit-Stem Infection .—One case of apricot fruit infection 
and one case of cherry fruit infection (fig. 3, .4.) have been reported. 
Considerable loss of crop was occasioned in the cherry orchard where 
black, sunken lesions bordered by water-soaked areas developed when 
the fruits were about half mature. Lesions on fruit stems (fig. B,B) were 
also common, as was leaf spotting. The bacteria causing these infections 
had apparently come from infected buds and twig lesions. 

Wormald (4,5) reports fruit infection to be found on plums and cher¬ 
ries in England. 

SUMMARY 

The less common symptoms of bacterial canker occurring on leaves, blos¬ 
soms, fruit, fruit stems, green shoots, and buds of Prunus spp. are dis¬ 
cussed in their relation to severe outbreaks of the disease. 

Organisms isolated from leaves, blossom buds, fruit stems, fruit and 
green terminal shoots of cherry, apricot, and plum produced cankers in 
every respect identical with those produced by Phytomonas cerasi from 
plum. 

Leaf, fruit, fruit stem, and green-shoot infections have not contributed 
to the severity of epidemics. Infection of these organs commonly arises 
from bacteria originating in bud infections and twig lesions. 

Blossom and particularly bud infections are frequently serious and 
develop concurrently with outbreaks of limb cankers. Such infections 
cause direct loss of crop, reduce future fruitfulness of branches, and 
produce foci from which the bacteria invade large limbs. 

The symptoms pictured herein resemble those of a bacteriosis of cher¬ 
ries and plums in England. In other studies the causal bacteria of the 
two diseases have proved identical. 
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FACTORS AFFECTING DEVELOPMENT OF THE 
BACTERIAL CANKER OF STONE FRUITS^ 

EDWARD E. WILSON* 

Bacterial canker of Prunus, caused by Phytomonas cerasi (Griffin) 
Bergey et al.^ has been studied by the writer, with some interruptions, 
for the past seven years. Certain phases, including the serious limb- 
canker stage, have been described from time to time (15-18) * 

This article discusses how various factors affect canker activity after 
infection is established. 

SEQUENCE OF EVENTS IN DEVELOPMENT OP BACTERIAL 
CANKER UNDER ORCHARD CONDITIONS 

Stages in the Activity of Cankers .—Although a general description of 
canker development is in print (16), later discussion will be clarified if 
the sequence of changes during canker activity is described in detail at 
this point. 

An established canker will be taken as an example, and its develop¬ 
ment from early autumn to summer will be followed. This canker, present 
in the tree in early autumn, arose from an infection the previous winter 
or spring. It is a roughly elliptical area <»f dead bark, its margins grading 
away either into healthy tissue or, more frequently, into a series of 
reddish-brown streaks, which form a zone sometimes several inches wide 
at the apices of the necrotic center. In early autumn the canker appears 
inactive, the. tissue involved being dry with no signs of water-soaking 
along the margins. The lateral margins of the canker may be delimited 
by a roll of new tissue, the outer layers of which are essentially callus 
in nature. 

The nature of the reddish-brown streaks present at the apical margins 
is discussed in a later section. Nothing further will be said about them 
here except that they are called “dormant streaks” to distinguish them 
from the less noticeable, dull-brown, water-soaked .streaks occurring at 
the margins of active cankers. The designations dormant and active are 
used because such streaks are characteristic, respectively, of dormant 
(or quiescent) and active cankers. 

’ Received for publication June 14, 3938. 

“ Associate Plant Pathologist in the Experiment Station. 

"The status of Phytomonas errasi as a separate species is in question (1.5, 18). 
Pending further work, however, the writer prefers to retain the species name. 

* Italic numbers in parentheses refer to “Literature Cited,” at the end of this paper. 
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Active streaks presumably are the path along which the bacteria ad¬ 
vance. They are more numerous nearest the center of the canker. Thus 
the bacteria do not at first invade all the tissue along the advancing mar¬ 
gins. Later, however, they do involve the tissue between those streaks 
nearest the center of the canker; but when the cankers stop extending 
in the summer, a wide zone of partially invaded tissue frequently re¬ 
mains at the upper ends of the necrotic area. This description, of course, 
is typical only of cankers in plums. In apricot and cherry the complete 
involvement of diseased tissue tends more often to keep pace with the 
advancing margins. Hence, as noted in an earlier article {16), cankers 
in these hosts often differ from cankers in the plum in being well-de¬ 
limited, uniformly necrosed areas, with little partially invaded tissue at 
the margins. In the plums, on the other hand, the partially invaded zone, 
though not always easily distinguished from the healthy tissue while 
cankers are active, is generally present and noticeable after cankers be¬ 
come inactive. The varying appearance of this zone among different plum 
varieties is the subject for a later section. 

With the gross characters of cankers in mind, the important land¬ 
marks of canker activity will be described. Activity of a previously 
inactive canker is noticeable because the margins of the uniformly dead 
center appear poorly defined and watery. In addition, the tissues between 
the dormant streaks partake of the same watery appearance. Next, the 
partially invaded margins of the cankers will begin to extend. This series 
of events is usually noticeable sometime in late October or in November. 

Activity continues during midwinter; but invaded tissue may mani¬ 
fest the disease only by the presence of a few slightly brown active 
streaks. Sometime in early spring or late winter the tissue invaded dur¬ 
ing the winter rapidly turns darker brown and watery and develops a 
sour smell. Meanwhile the cankers will be seen to advance very rapidly 
in all directions, particularly upward and downward. Because the devel¬ 
opments during this stage are rapid, a casual observ'er would believe that 
the cankers had originated and had spread throughout the bark of a tree 
in a period of only 3 or 4 weeks. In fact, growers who have seen this 
phenomenon frequently believe that disease development is confined 
entirely to spring and early summer. 

The period of most rapid canker development may extend from about 
March 1 until late April. Thereafter there is a slowing-down and even¬ 
tually an apparent cessation of extension. The first noticeable sign of this 
phenomenon appears in the uniformly necrosed margins. During activity 
the margins of the completely invaded tissue grade insensibly into 
healthy tissue, but when activity wanes they become well defined, par- 
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tieularly the lateral margins. The next sign of cessation of activity is in 
the streaks at the apices of cankers. These streaks, more or less diffuse 
during the active stage, begin also to take on well-defined margins and 
gradually change from a dull to a reddish brown. As shown later, the 
relative proportions of streaks eventually undergoing this change varies 
among cankers in the same tree and especially among cankers in trees of 
different varieties. 

We have now traced canker development from a stage of quiescence 
in early autumn, through a stage of activity in late autumn, winter, and 
spring, back to a stage of quiescence in early summer. Throughout the 


TABLE 1 

OCCCBREMCE OF BACTKBIA IN DIFFERENT PARTS OF CANKERS 


Areas of cankers from which isolations were made 

1 

1 

Number 
of cankers 
studied 

Number 
of isolations 
made 

Per cent 
of 

isolations 

vielding 

bacteria 

Zone of streaks at upper inatifinK of inactive cankeis 

14 

70 

73 

Zone of streaks at niarKins of active cankers 

8 

40 

88 

Recent umfonnly necroseii tissue of active cankers 

23 

115 

39 

Uniformly necrosed margins of inactive cankers 

17 

85 1 

24 

Uniformly necrosed c-enters of inactive cankers 

9 

45 

22 


summer, cankers remain inactive; or, at least, extension is so slow as to 
be undetectable. Not all, liow'ever, follow an identical course, for many 
fail to become active in the autumn. In one orchard of Duarte plums the 
percentage of cankers becoming active a second season varied from 30 
to 65 in different years. 

Relation of the Bacterial Population to Stages of Canker Activity .— 
Presumably the rise and fall of canker activity indicates corresponding 
fiuctuations of bacterial activity in the diseased tissue. Freehand sections 
of diseased tissue in different stages of involvement have manifested 
tremendous differences in the bacterial population. According to one 
attempt at a semiquantitative determination, between late January and 
mid-February the number of bacteria increased 1,000 per cent. This 
increase occurred while diseased areas were undergoing rapid necrosis; 
the bacteria were invading all tissue of areas earlier only partially in¬ 
vaded. Apparently, furthermore, once the tissue is completely necrosed 
the bacteria decrease in numbers. Table 1 summarizes the results of 
isolations from different parts of cankers. In making the isolations, bits 
of diseased tissue were removed from five places in each part of the 
canker and were dropped in nutrient broth. Thus 70 isolations were made 
from the zone of streaks at upper margins of 14 inactive cankers. Of 
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these isolations 73 per cent yielded bacteria, whereas only 24 per cent of 
those from the uniformly necrosed margins of inactive cankers and a 
correspondingly low per cent of those from uniformly necrosed centers 
of inactive cankers yielded bacteria. Viable bacteria were obtained from 
88 per cent of isolations from the zone of streaks at the margins of active 
cankers, but were found in only 39 per cent of isolations from recent 
uniformly necrosed tissue of active cankers. Not only have these results 
since been confirmed, but bacteria have been found as much as 2 inches 
beyond the visible apices of extremely active diseased areas. These find¬ 
ings agree with the earlier statement that the bacteria do not at first 
invade all tissue along the paths of advance. 

Obviously, the foregoing series of isolations did not reveal the number 
of bacteria present, but did show the relative frequency with which 
viable organisms occurred in tissues differing in degrees of involvement. 
According to microscopic examinations, as well as the semiquantitative 
studies mentioned above, the peak of bacterial population is reached dur¬ 
ing the spring when the cankers are enlarging most rapidly; as activity 
wanes, so do the bacterial numbers. Judging from the infrequent occur¬ 
rence of viable bacteria in margins of those cankers that have undergone 
uniform necrosis up to the visible limits of invasion, such cankers may 
fail to become active the following season. In cherry bac.teriosis in Eng¬ 
land, Wormald (20) has noticed that cankers surrounded by a border of 
callus did not contain viable bacteria during July and August, whereas 
cankers not bordered by callus contained bacteria. Presumably, such 
cankers as did not yield bacteria in late summer would not again become 
active. Wormald neither mentions this possibility nor .specifies at what 
period of the year naturally occurring cankers first become active under 
conditions in England. He does, however, say that inoculations produced 
cankers only when made after leaf fall in the autumn and that cankers 
did not increase in size after June. Regarding the plum disease in Cali¬ 
fornia, this much can be added: diseased areas that have entered the 
inactive state with little or no partially invaded tissue at the edge of 
their uniformly necrosed margins contain bacteria le.ss freqxiently than 
do areas with a wide zone of such tissue at the margins. The apices of 
cankers of the former type are bordered by callus more frequently than 
those of the latter type. Hence, in a limited way, visible canker char¬ 
acteristics during the summer indicate the presence or absence of viable 
bacteria. 

A somewhat similar situation exists with the fire blight disease. Opin¬ 
ions conflict regarding the frequency with which Erwinia amylovora 
(Bur.) Bergey et al. survives the winter in the different types of cankers, 
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designated by Tullis (12) as determinate and indeterminate. Brooks (2) 
and Miller (7) believe the indeterminate type to be the most frequent 
holdover source, but Rosen (10) does not concur. 

EXPERIMENTAL EVIDENCE ON THE EXTENSION OP 
CANKERS DURING DIFFERENT SEASONS 
OP THE YEAR 

To obtain evidence, beyond that published earlier (16), of the compara¬ 
tive rates at which cankers extend during different seasons of the year, 
inoculations were made at intervals throtighout most of two years. 
Duarte plum trees were employed. Results of other, less systematic trials 
on President plum and Bing cherry do not differ essentially from those 
obtained in Duarte. 

Methods .—The method of inoculating the bacteria into the trees was 
similar to that of most earlier experiments (16,18): a sterile needle was 
passed tangentially through the bark, and a few drops of water suspen¬ 
sion of the bacteria were injected into the holes with a hypodermic needle. 
Preliminary tests showed no particular necessity for sealing the inocu¬ 
lation holes during most of the year. From 50 to 70 inoculations were 
made into 5 trees at each time. 

In securing data it was necessary to remove the outer bark, which 
rendered the canker useless for further measurements. Thus when a 
second sot of measurements was required of the same series, 35 to 50 
additional inoculations were made. Length and width of the diseased 
area in the bark were recorded. The width of the canker was not used in 
compiling the data, since it varied with the length of the tangential path 
of the needle thmugh the bark. Hornet imes the disease had extended along 
the cambium as a few narrow, brown streaks for a considerable distance 
beyond the limits of the bark lesion; but as these streaks varied along 
inociilations made in the same trees on the same day, they were disre¬ 
garded in making measurements. 

The data for comparative purposes were usually taken 20 days after 
inoculation and are expressed in millimeters as the average length of the 
cankers measured. 

Results .—The first series of inoculations of 1934 made (fig. 1) on Sep¬ 
tember 15 resulted in small lesions averaging about 5 millimeters long, 
and those resulting from October 20 inoculations were only slightly 
larger. The November 28 inoculations, however, produced cankers aver¬ 
aging 66 millimeters long. Canker extension, slow in mid-December, in¬ 
creased as spring approached, reaching a maximum on April 19. After 
this date, each succeeding inoculation produced progressively smaller 
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diseased areas until, by June 15, lesions of the same length as those devel¬ 
oping in September were secured. 

Inoculations begun on September 4,1935 (fig. 2), were made at inter¬ 
vals until July 18, 1936. The symptoms produced in September, 1935, 
were more extensive than those produced in September, 1934, but mark- 



Fig. 1.—^Development of bacterial canker from inoculations made at various 
times through the autumn, winter, and spring of 1934-35. The decline in the rate 
of canker extension as summer approaches, indicated by these data, parallels the 
observed cessation of activity in naturally occurring cankers. The slow canker expan¬ 
sion in midwinter is apparently the result of low temperature. 


edly less extensive than those resulting from inoculation on October 8. 
From late October to mid-December results were variable, comparatively 
large cankers developing in all except the December 19 inoculations. Dur¬ 
ing January and February the rate of canker extension increased, reach¬ 
ing a maximum in late February. The rate of extension was maintained 
at a relatively high level during March and April but began to wane in 
May. Lesions averaging less than 10 millimeters long resulted from in¬ 
oculations June 5, July 1, and July 18. 
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To obtain further data on the comparative rate of elongation over the 
20-day period, cankers produced by certain interval inoculations re¬ 
ported in figures 1 and 2 were measured at the end of 10 days and again 
at the end of 20 days. Since the cankers measured at the end of 10 days 
were necessarily destroyed in obtaining the data, a second set in the same 
inoculation series was measured at the end of 20 days. The averages ob¬ 
tained from these two sets of measurements appear in figures 3 and 4. 



Fig. 2.—Development of bacterial canker from inoculations made at various 
times through the autumn, winter, and spring of 1935-36. Here again is noticed 
a decline in the rate of canker extension as summer approaches. 


As figure 3 shows, cankei's resulting from the January 10, 1935, in¬ 
oculation had by January 20 extended azi average of 15 millimeters and 
by January 30 had apparently extended an additional 15 millimeters. 
In other words, they had extended slowly but uniformly during the 20 
days. We note, furthermore, in the successive inoculations made between 
January 10 and April 19, a progressive increase in the length the cankers 
attained during the 20 days after inoculation, but a progressive decrease 
in the increment of growth during the last 10 days of the period. Those 
resulting from April 19 inoculations apparently extended rapidly for 
10 days or less and then stopped, or extended so slowly as to be unde¬ 
tectable in the measurement data. Likewise, cankers produced by the 
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May 10 inoculation extended for 10 days or less, though less rapidly 
than those produced by April 19 inoculations, and then stopped. 

The data secured in 1935-36 (fig. 4) agreed in general with those of 
the former year. Inoculations before October 8 produced small cankers, 
which apparently extended during the first 10-day period after inocula¬ 
tion and then stopped. On the other hand, inoculations between October 
8 and March 4 produced in 10 days cankers of somewhat greater length, 



Fig. 3.—CoTn])arativo rate of expansion of cankers during the winter and spring 
of 1934—35. The rate of canker extension for 20 days after inoculation varied: 
during winter it was more uniform, though not as rapid, as during spring. 

which continued to extend. But for inoculations made on April 22 or 
thereafter, all recorded canker extension occurred in the first 10 days, 
and none in the second 10. 

Discussion of Inoculation Results .—Should the results in figures 1 and 
2 and those published earlier {16, table 5. p. 116) be plotted, the con¬ 
formity of the curves would be strikingly similar in major aspects. 
All the curves are low in early autumn, ri.se to .sudden maxima in late 
autumn, then decline in midwinter. In early spring again, a second maxi¬ 
mum in each curve is apparent; then follows a period when the curves 
decline to a low point in early summer. 

The earlier interpretation of such data tended to discount the impor¬ 
tance of the late autumn maximum; but the consistency with which that 
maximum occurred in +hree years’ results with plum (including those 
published earlier), and in other results obtained by less systematic in¬ 
oculations into cherry, have forced the conclusion that it is significant. 
Since it occurs very near the beginning of autumnal activity in estab- 
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lished, naturally occurring cankers, it probably results from the same 
factors that govern renewal of canker activity. In all cases, however, the 
period during which cankers can extend rapidly in late autumn seems 
relatively short. Contrasting the duration of rapid canker activity in 
autumn with that in spring, we find that the latter, although varying 



Fig. 4.—C’omjiar.Ttive rate of expansion of cankers during autumn, winter, and 
spring of lSt35-3lt. From late autumn until early spring, the rate of canker exten¬ 
sion for 20 days after inoculation appeared to be more uniform than during early 
autumn or late spring. 

from year to year, usually covers a longer period. For an example of 
this variation, compare the periods of maximum canker development 
during the springs of 3035 and 3936. The inerea.sed activity as spring 
approaches, as indicated by the experimental resxdts, has its observable 
counterpart in the greatly accelerated springtime movement of naturally 
occurring cankers, mentioned in the foregoing section. 

At their two extremes we find that curves of the three years' results 
again coincide closely. This evidence, together with field observations. 
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proves an almost entire cessation of canker extension during the summer 
and early autumn months. Hence, activity of the cankers is confined to 
late autumn, winter, spring, and early summer, and thus exhibit an inter¬ 
esting seasonal aspect. The remainder of this paper will examine factors 
that might explain the rise and fall of canker activity. 

Differences in the comparative rate at which cankers, resulting from 
inoculations at different times of the year, extended during two 10-day 
periods after inoculation (figs. 3 and 4) apparently indicate that some 
factor, or factors, operated to check canker extension even before the 
springtime maximum of activity was reached (April 19,1935, and Feb¬ 
ruary 26, 1936). Apparently the factor did not exert such a limiting 
influence between late autumn and early spring as in early autumn and 
late spring. If the decline in length of cankers resulting from inocula¬ 
tions after the springtime maximum is caused by the same factor, or 
factors, which before and during the springtime maximum caused a 
decline in activity, then the factor must have exerted more influence as 
spring passed and summer approached. In other words, the ability of 
the factor to limit canker elongation became progressively greater. 

RELATION OF TEMPERATURE TO RATE OF 
CANEJ3R EXTENSION 

An examination of the mean temperature prevailing during the 20 days 
after each series of inoculations noted in figures 1 and 2 will at once sug¬ 
gest that low temperatures during midwinter retarded canker develop¬ 
ment. A similar relation was found in the earlier work ( 16), where for 
example a lowering of mean temperature from 70° F after the October 
31 inoculations, was accompanied by a correspondingly great decrease 
in canker extension. Likewise, a mean temperature of 45° after the 
February 2 inoculations was accompanied by the formation of small 
lesions; but when the mean temperature following the March 8 inocula¬ 
tions was 57° much larger cankers developed. 

As figure 1 of the present paper shows, the autumnal maximum of 
canker development occurred in inoculations made November 28. The 
temperature for 20 days after this date averaged 51° F. The next series 
of inoculations, December 18, developed rather small cankers under 
average temperatures of 44°. 

Although data obtained of canker development during midwinter, 
1935-36 (fig. 2) are variable, nevertheless they suggest that canker de¬ 
velopment was slower during the coldest part of the winter than during 
the higher temperatures of late fall or early spring. 

Results of the following experiment show, apparently, an effect of 
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temperature on canker extension in winter. On January 10, 1935, and 
again on January 23, 1935, inoculations were made on the north and 
south sides of cherry limbs that were growing in an essentially vertical 
position. Measurements of the January 10 series on February 21 gave 
for cankers on the south side an average length of 54 millimeters; those 
on the north side, 30 millimeters. In measurements of the January 23 
series on February 27, cankers on the south side of limbs averaged 68 
millimeters; those on the north side, 20 millimeters. Although the mean 
air temperature was 49° F throughout both experiments, the tempera¬ 
ture of the surface of the bark was doubtless greater on the south side 
than on the north side of the limb. 

According to earlier experiments ( 16 ), when potted dormant trees 
were inoculated and held at controlled temperatures, 65°-70°F was 
more favorable to canker extension than 50°, and 50° was definitely more 
favorable than 36°. In a similar experiment in which potted dormant 
trees were inoculated and held at 36°, 41°, 50°, 60°, and 70°-73°, the 
last-named temperature was the most favorable for canker extension 
during the first 3 weeks. Soon thereafter, however, the trees started to 
grow; and 6 weeks after inoculation, examinations showed the diseased 
areas to be buried beneath new host tissue. Apparently the cankers had 
made no further progress after 3 weeks. Trees held at 60°, on the other 
hand, had started to grow but had not buried the cankers. By the end 
of 6 weeks, larger cankers were present in these trees than in those held 
at 70°—73° or at the lower temperatures. 

One experiment with potted trees in full leaf was carried out at a 
<*ontrolled temperature of 52° F and also in a greenhouse where the tem¬ 
perature fluctuated between 72° and 75°. As with all the experiments 
described above, the culture had been tested in orchard trees a few weeks 
earlier and had proved capable of producing large cankers. To prevent 
drying out of the inoculations the needle punctures were covered with 
strips of “Parafilm,” a material used to some extent to reduce desiccation 
of tubed culture media. Upon examination of the trees at the end of 2 
weeks, only 3 of the inoculations were found to have produced cankers, 
and these were le.ss than 10 millimeters long. No effect of temperature was 
noticeable. In this case, according to the other controlled experiments, 
the highest temperature (72°-75°) was not above the optimum for canker 
development, but was within a range more favorable to the disease than 
the lower temperature (52°); yet no differential effect was noticeable. 
The trees, in leaf in this experiment, were dormant in the other experi¬ 
ments. Rather than anticipate certain information to be presented later 
in the paper, the implications of these results will not be discussed here. 
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To determine whether temperature caused the development of smaller 
cankers during early autumn and late spring than during late autumn 
and early spring is more diflBcult. The 1934 inoculations (fig. 1) made on 
September 15 and October 20, for example, produced comparatively 
small lesions. The mean temperatures following these inoculations were 
67° and 59° F respectively. In 1935, furthermore, inoculations (fig. 2) 
on September 4 and September 21, when the mean temperatures were 
69° and 67° respectively, also produced comparatively small cankers. 
These temperatures were all below that (70°-73°) at which rapid initial 
canker extension occurred in controlled-temperature experiments. Since, 
however, the maximum temperatures after inoculation were above 70°- 
73°, we cannot rightfully compare the conditions of the two experiments. 
Since equipment has not been available for maintaining constant tempera¬ 
tures above 73°, little is known as to the optimum or maximum for canker 
extension. In an attempt to determine the effect of high temperatures un¬ 
der orchard conditions, Duarte plum, President plum, and Bing cherry 
were inoculated on May 24, 1937. The mean maximum temperature for 
the following 8 days was 89° ; the mean minimum, 51°. During this time 
comparatively small cankers were produced in Duarte plum, but much 
larger ones in President plum and Bing cherry, although not so large as 
those produced in the same trees earlier in the spring. In such an experi¬ 
ment the unavoidable difficulty is to evaluate the effects of the wide 
diurnal temperature fluctuation. Possibly, had the temperature re¬ 
mained constantly at 89°, even smaller cankers wtmld have developed 
in President plum and Bing cherry. One may logically conclude, on the 
other hand, that high temperature alone did not cause the differences in 
size of lesions between Duarte plum and the other two species. Some other 
factor must have been operating to restrict canker extension. Later, 
evidence is presented to show that at other times of the year canker 
development differs among the three hosts in the manner just indicated. 
Apparently, therefore, these differences are caused by conditions inher¬ 
ent in trees of the different types. 

According to data in the foregoing section, cankers extended in spring 
and autumn at different rates during two 10-day periods after inocula¬ 
tion. In some cases the mean temperature varied little during successive 
10-day periods. Thus on April 19, 1935 (fig. 3), the mean temperature 
of the first 10 days after inoculation was 60° P, and canker extension was 
rapid; but during the seco)id 10 days, when the mean temperatxxre w'as 
61°, no canker development was noticeable. Similar instances are seen 
in figure 4. Rate of canker extension during late autumn and win+er was, 
on the other hand, more uniform during the two periods. Despite the lack 
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of data on optimum temperature for disease activity, tliere is no justi¬ 
fication for concluding that temperature -wholly explains the unequal 
extension noted above. More likely, some other factor was operative only 
during certain times of the year. The trend of the data in figures 3 and 4 
suggests that this factor became influential at a time (early spring) when 
increasing temperature favored increased canker activity. Note, for ex¬ 
ample, the coincidence between increased rate of canker extension dur¬ 
ing the first 10 days and the decreased rate of extension during the second 
10. In 1935 the springtime maximum of canker activity was reached on 
April 19 (fig. 3), but the factor had so marked an influence as to prevent 
canker extension longer than 10 days after inoculation. When on May 10 
inoculations were again made, canker extension was a fraction of that in 
April. Interestingly enough, the mean temperature after the April 19 
and May 10 inoculations was the same. 

The data, therefore, fail to reveal a direct effect of temperature on the 
decreased rale of canker elongation apparent (figs. 1 and 2) after spring¬ 
time maximum; nor is there convincing evidence that the lack of canker 
development in early autumn was the direct result of unfavorable tem¬ 
perature. 

RELATION OF CERTAIN OTHER EXTERNAL FACTORS 
TO CANKER DEVELOPMENT 

Effect of Soil Fertility .—That soil fertility, especially as regards nitro¬ 
gen, might affect bacterial canker was brought to the writer’s attention 
in the spring of 1934. The disease, having attacked a planting of two- 
year-old Albright peach trees, was causing noticeably less damage to a 
number of trees fertilized in the winter with 2 pounds of ammonium 
sulfate each. In April, as soon as the situation was noted, the remaining 
unfertilized trees -were grouped according to severity of infection. Those 
already girdled by the cankers, being obviously beyond hope of recovery, 
were excluded; but those in -which the cankers had not girdled the trunk 
were divided into two classes—^moderately diseased and slightly diseased. 
Half the tree.s of each class were fertilized with 2 pounds of ammonium 
sulfate each. A subsequent irrigation insured incorporation of the fer¬ 
tilizer in the soil. 

By midsummer the fertilizer had apparently benefited the trees some¬ 
what: new shoots were produced on iinaffected parts of limbs below 
cankers, and limbs attacked but not girdled by cankers sent out new 
lateral growth. Many unfertilized trees died entirely or lost most of their 
limbs. The survivors made poor growth. That ihe fertilizer did not 
noticeably affect resistance to subsequent infection was apparent the 
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next winter, when fertilized and unfertilized trees were attacked with 
equal severity. 

In two other instances heavy nitrogen applications stimulated mod¬ 
erately diseased plum trees to a vigorous development of new growth 
from unaffected portions of limbs below cankers and thereby, apparently, 
enabled some trees and portions of trees to survive the summer. 

Fifteen six-year-old President plum trees were fertilized with 2 
pounds of ammonium sulfate each in January, 1935. Bains, shortly after 
the treatment, incorporated the fertilizer in the soil. Late in February, 
limbs of fertilized trees and of adjacent unfertilized trees were inocu¬ 
lated with the pathogen. Examinations for the next 4 months failed to 
show any noticeable effect of the fertilizer on rate of cankers developed, 
although fertilized trees produced somewhat greater shoot grow’th and 
greener foliage than unfertilized trees. 

The results are tentatively interpreted as follows: An increased nitro¬ 
gen supply does not enable the tree to resist infection nor to resist mark¬ 
edly the inroads of cankers during spring. It appears beneficial, however, 
since trees with abundant nitrogen are better able during the summer to 
recover from effects of the disease than are trees with less nitrogen. One 
should remember that at this time when the nitrogen is stimulating 
gi’owdh of the tree, the canker activity is waning or is already at its 
lowest ebb; hence trees that are Aveakened but not killed at the time the 
cankers stop growth might survive the summer if temperature and mois¬ 
ture were favorable. Instead, the advent of high temperature and of 
eonditions favoring high transpiration throw's a great strain on the trees; 
common complications then arising are sunburn and attacks by the fruit- 
tree bark beetle {Scolytm rtigulosus Katz.). Girdled branches either 
fail to start growth or else put forth small, yellowish leaves and die dur¬ 
ing the first hot days of summer. If cankers partly encircle the branch, 
leaf development may also be slow' and sparse (fig. 5). Under cool, spring 
eonditions tliese branches remain alive and, growing slowly, produce new 
tissue by w'hieh to support the portions distal to the canker. For this 
reason, apparently, the nitrogen, in stimulating the production of new 
foliage and new lateral shoots, aids the trees to repair in some measure 
the damage done by the disease. 

Beard and Wormald (i) found no apparent effect of nitrogen on the 
size of cankers produced by inoculating with Phytomonas mors-pru- 
norum Wor. According to them the largest cankers appeared in trees 
grown in sand culture and supplied with a “complete nutrient” or a 
“quadruple phosphate”; the smallest appeared in trees supplied with 
a nutrient solution lacking in phosphate. 
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Effect of Soil Moisture .—Field observations furnished conflicting evi¬ 
dence as to the importance of soil moisture to canker development. In 
orchards where irrigation practices varied greatly, there were no indica¬ 
tions that the disease was affected. Some orchards, for example, were not 
irrigated after the fruit was picked, so that 2 or more months elapsed 
between the last irrigation and the first winter rains. Other orchards 



Pig. n.—Effoct of bacterial canker (m foliage* clt^velojimont in the spring. 

At A healthy young peach tree. B, A peach tree with moat of the primary 
branches diseased, developing small, sparse foliage, aoine of which has begun 
to wilt. 

were irrigated one or more times after harvest. Two orchards, on the 
other hand, that had never been irrigated were little affected by the dis¬ 
ease. whereas nearby irrigated orchards were badly injured. 

Trees in poorly drained areas sometimes appear to sulTer worse than 
tho.se in well-drained areas. In two orchards under observation since 
1929, the disease was at first causing greater damage to the trees in poorly 
drained areas than to those on w'ell-drained slojies, but later it spread 
over the entire orcdiard. In tliese ca.ses, clearly, infection happened first 
to become established in the poorly drained areas, but thereafter spread 
to areas where drainage was good. 

Experiments were outlined to study canker development in trees given 
widely different soil-moistiire treatments. Before the experiments are 
described, however, certain terms used in soil-moisture studie^s must be 
defined. Investigators have established two reference points {13, 14) 
with regard to the amount of water in the soil. The first is field capacity, 
or the capacity of a soil to retain water against gravity. The numerical 
expression of this value is percentage of w'ater calculated on the basis of 
oven-dry weight. The second reference point is permanent w’ilting per- 
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centage, or that percentage of moisture in the soil (calculated on an 
oven-dry basis) below which plants cannot readily obtain water and, in 
consequence, will permanently wilt unless water is supplied. 

Plants can obtain water when the moisture content of the soil is be¬ 
tween the field capacity and the permanent wilting percentage. Between 
these two limits, therefore, is the range of “readily available moisture.” 
There seems to be a widespread belief that somewhere within this range 
lies a moisture content at which plants grow best. Experiments of Veih- 
meyer and Hendrickson at this station (4, 5, 14) do not substantiate this 
belief. In fact, these workers find that growth of orchard trees and qual¬ 
ity of fruit are not affected by differences in the amounts of readily 
available moisture, but are affected if the soil moisture goes below the 
permanent wilting percentage early in the growing season. 

These investigators {13, 14) reveal, moreover, the practical impossi¬ 
bility of maintaining a definite and uniform soil-moisture content within 
the range between field capacity and permanent wilting percentage. 
Their papers {13,14) give additional discussion of the principles under¬ 
lying soil moisture. 

Confronting such difficulties, the present writer did not attempt to 
perform experiments in which a predetermined amount of water added 
to the soil was assumed to establish a definite and uniform soil-moisture 
content. Instead the plan was to study the effects of soil moisture on the 
development of cankers (1) when trees were supplied with readily avail¬ 
able moisture at all times and (2) when trees were not so supplied but 
were growing in soil near or below the permanent wilting percentage. 
These experiments were conducted on trees growing in the orchard, and 
on trees growing in tanks* holding about a ton of soil. 

Orchard experiments were conducted for three years. In 1934 two- 
year-old Duarte and President plum trees were divided into two plots 
separated from each other by a guard row. In late summer one block was 
left unirrigated; the other was irrigated at intervals. By early autumn, 
soil samples taken 3 feet from the base of the trees and to a depth of 6 
feet showed that the trees in the unirrigated plot had reduced the soil 
moisture to a low level.* The irrigated plot was then given a heavy irri¬ 
gation to a depth of at least 3 feet. The trees in both plots were then 
inoculated with a water suspension of the pathogen. 

The 1934 results, together with the soil-moisture determinations which 
appear in table 2, show that only small lesions were developed by the 

* The writer wishes to thank Dr. A. H. Hendrickson and Dr. F. J. Veihmeyer for 
their aid in planning the experiments and in lending the tanks and equipment. 

* The permanent wilting percentage of the top 4 feet of this soil has been deter¬ 
mined by Hendrickson and Veihmeyer to be between 11 and 12 per cent. 
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inoculations, those on the irrigated trees being slightly smaller than those 
on the unirrigated. A further difference is noted in the number of in¬ 
oculations producing cankers: a larger percentage of those on unirri¬ 
gated trees developed symptoms than did those on irrigated trees. The 
small differences here reflected are readily explained as follows: Irri¬ 
gated trees, retaining the ability to produce new tissue around the 
inoculation wound, promptly buried many small lesions beneath xylem. 


TABLE 2 

Cankee Development in Trrioated and Unirrioated Orchard Trbjbs 




TTnirrigated trees 

Irrigated trees 

Date* 

experi- 

Variet y 

Per cent of 
inoculations pro¬ 
ducing cankers 


Per cent soil moisture 
at depths stated t 

Per cent of 
inoculations pro¬ 
ducing cankers 


Per cent soil moisture 
at depths stated f 

men! 

wan 

started 

of tree 
used 

1 

Average length 
of cankers, 
millimeters 

0-2 

feet 

2-4 

feet 

1 

4-6 

feet 

Average length 
of cankers, 
millimeters 

0-2 

feet 

2-4 

feet 

4-6 

feet 

8ept. 1934 

Duarte plum 

61 

15 

11.5 

16 2 

14 7 

48 

10 

22 4 

22.0 

17.5 

Oct. 1934 

President 












plum 

90 

12 

11 3 

14 4 

12 5 

66 

7 

20 9 

21 9 

14.1 

Oct. 1936 

President 












plum 

82 

13 

10 9 

13 9 

12 6 

61 

9 

26 7 

25.6 

20 6 

Nov. 1936 

Duarte plum^ 

84 

26 

10 8 

11 8 

11 4 

00 

20 

24 0 

22 2 

18.6 

Nov. 1936 

Bing cherry 

92 

36 

10 8 

11 8 

11 4 

87 

36 

i 

24.0 

22 2 

18 6 


• The irnffation and inoculation of troee were made in these months; the csankers were measured 23 to 
26 days after inoculation 

t Per cent of moisture baaed on oven-dry weight of soil. 


Since the unirrigated trees, on the other hand, did not possess this 
ability, a higher percentage of the inoculations produced small cankers. 
These results, however, reveal no marked tendency for cankers in trees 
of one treatment to develop further than those in trees of the other treat¬ 
ment. It should be mentioned that, though the moisture in the top 2 feet 
of soil was at the permanent wilting percentage, the moisture of the soil 
from 2 to 6 feet in depth was somewhat above that percentage. Hence the 
trees in the unirrigated plots had a small amount of available moisture 
at the beginning of the experiment. 

Repetitions of this experiment in 1935 and 1936 (table 2) gave no con¬ 
vincing evidence that differences in soil moisture were affecting canker 
development. The 1936 inoculations produced, in the same length of 
time, larger cankers than did those of 1934, presumably because they 
were made later in the autumn. In this year no difference whatever was 
found between the length of cankers in either the plum or the cherry 
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trees receiving the two treatments, though apparently soil moisture to 
a depth of 6 feet was at the permanent wilting percentage. 

In the winter of 1934-^5 young Duarte plum trees were planted in 
tanks holding about a ton of soil. The field capacity and the permanent 
wilting percentage of this soil had previously been determined. Since the 
tanks were equipped for weighing, the trees could be given identical 
treatment with regard to water. So that the roots of the trees might pene- 


TABLE 3 

Cankkr Development in Irhiqated and Unirrioated Trees 
Growing in Tanks, 1936-1937 


Treatment of treCB* 

Date of 
inoculation 

Average length,f m niillimeteiH, of cankers produced bj" 
BIX inocmlations in each tree 

Aver¬ 

age 


1 

u 

2 

3 

4 

5 

6 

7 i 

8 

0 



Irrigated . 

Oct. 15. 1936 

14 

14 

14 

18 1 

10 

11 

1« 

16 

18 

15 

Unirrigated . 

Oct. 15. 1936 

0 

1 

1 

2 

5 

7 

10 

0 

1 

3 

Irrigated 

Oct. 24,1936 

34 

20 

30 

39 

27 





30 

Unirrigated 

Oct. 24, 1936 

0 

1 

0 

3 

4 





2 

llriirngated-irngated 

Oct. 24. 1936 

15 

7 

10 

10 






13 

Irrigated 

Oct. 31,1936 

21 

19 

24 

9 

20 





10 

Unirrigated 

Oct. 31,1936 

3 

4 

8 

1 

2 





4 

Irrigated 

,riiue 5, 1937 

33 

24 

21 

1 29 

37 





29 

Unirrigated 

June 5, 1937 

4 

0 

0 

! 2 

1 

1 





1 


* Irrigstod—soil inoistiiie kept above the wilting point at all tiinen 
TJnirrigatcd—soil inoistare brought to the wilting point anti kept tliere during the expennient 
Unirrigated-irrigated—soil inoistureat theuilting point until inoculation.s weie made, then bimight 
to field capacity for the duration of the experiment 
t Measureinenta made 10 days after inoculation 
} Numbers 1 to 9 designate the diflfeient trees that »eie morulaied 

trate all the soil in the tanks, the differential moisture treatments were 
not begun until early autumn, 1936. In late summer of that year half 
of the tanks were left unwatered. The other half were maintained con¬ 
siderably above the permanent w'ilting percentage at all times. By mid- 
October, weighings indicated that the unwatered trees had reduced the 
soil moisture to the permanent wilting percentage. Additional evidence 
that this point had been reached w’as furnislied by the trees themselves, 
in that the leaves w'ilted and fell. The soil in the irrigated tanks was again 
brought to its field capacity and was kept wet for the duration of the 
experiment. Six inoculations were made into each tree on three different 
dates. The first series was made October 15, the second October 24, and 
the third October 31. On October 24 four trees that had been allowed to 
wilt were irrigated when they were inoculated. 

As shown by the results in table 3, trees of the two treatments differed 
strikingly in canker development. According to measurements 10 days 
after inoculations, whereas the bacteria were producing fairly large 
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cankers in irrigated trees, there was little evidence of canker develop¬ 
ment in the wilted trees. In June, 1937, this experiment was repeated on 
10 of these trees with similar results. When trees previously wilted were 
irrigated at the time of inoculation, the bacteria proceeded to produce 
distinct cankers—^less extensive, however, than those in continuously 
irrigated trees. 

At first examination it seems impossible to reconcile the divergent re¬ 
sults of the two types of experiments. Since, however, results of the tank 
experiments were so definite, the divergence must have been caused by 
the dissimilar conditions under wdiicli the experiments were conducted. 
As mentioned earlier regarding the 1934 orchard experiments, trees in 
the dry plot apparently had a small amount of available moisture at the 
beginning of the experiment. The same is true of the 1935 exi)eriments. 
In 193(J, on the other haiul, the soil in the dry plots was at the permanent 
wilting percentage to a depth of (> feet. Since, however, this condition was 
not reached until late autumn, when trees in both wet and dry plots were 
losing their leaves, no actual willing of foliage was observed. Possibly, 
though most of the roots of these trees were in soil where moisture was at 
the permanent wilting percentage, a few might have been in moist soil 
below the (i-foot depth, in this connection Conrad and Veihmeyer (3) 
conclude from their work with sorghum tliat “if a portion of the root 
.system is partly in dry soil and partly in wet soil, the needs of the plants 
might be adequately met by adsorption from moist soil.” 

Apparently, therefoi*e, under conditions in orchai-d experiments, 
where most of t lu* roots were in diy soil but where a few roots might have 
been supplying the trees with moisture, no effect on canker development 
was exerted. As mentioned earlier, the small differences indicated in the 
1934 results can be explained as arising through differences between the 
ability of the trees in W(*t and <lry plots to bury diseased areas beneath 
new host tissue. The differential of soil moisture in the field experiments 
did not appear to make trees strikingly more or less susceptible. 

So much for differences occurring in the orchard tests only. The differ¬ 
ential in soil moisture obtained in the tank experiments was unquestion¬ 
ably greater. Not only was t his ftmml by weighing the tanks, but the trees 
themselves gave evidence, in that leaves of trees in wet tanks remained 
turgid, whereas those of trees in the dry tanks willed and dropped. Un¬ 
questionably, therefore, the soil moisture in the dry tanks was below' 
the permanent wilting percentage. The consistency with which cankers 
failed to develop in the dry trees appears to be adequate proof that lack 
of readily available soil moisture affected the disf /ise under the extreme 
conditions obtaining. 
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Whether the extreme conditions of the tank experiments would occur 
under orchard conditions, where the tree roots are not restricted to a 
limited mass of soil, depends upon the depth of the soil, the range of 
readily available moisture, the characteristics of the soil, and the prox¬ 
imity of a water table to the surface. Trees in the Sierra Nevada foothills, 
where the soil is shallow and where the range of readily available mois¬ 
ture is narrow, are more liable to suffer extreme drought conditions in 
absence of irrigation than trees growing in the Sacramento Valley. The 
unirrigated orchards mentioned at the beginning of this discussion were 
located in the foothill district and exhibited definite drought symptoms 
during late summer. The leaves dropped early, and the trees were obvi¬ 
ously stunted. This might have been one reason why the disease damaged 
unirrigated trees very little but caused severe damage in nearby irri¬ 
gated orchards. 

Just how drought effect, coming in later summer w'hen canker activity 
is at a low ebb, could influence the severity of the disease, is not known. 
The most likely influence would seem to be on survival of bacteria in the 
cankers, which would in turn affect the supply of inoculum the following 
winter. Though this problem was not extensively studied, observations in 
one winter indicated an apparent difference between an irrigated and 
an unirrigated orchard in the percentage of active cankers. In the unirri¬ 
gated orchard, 28 per cent of the cankers w'ere active; in an adjacent 
irrigated orchard, 71 per cent. Obviously tliese results are too meager to 
permit conclusions. 

RELATION OF VARIETY OF PLUM TO DISEASE 
DEVELOPMENT 

The behavior of different varieties of plums towards the disease appeared 
to deserve further study. Since earlier work (16) had revealed a marked 
variability in the reaction of several commonly grown varieties to the 
presence of cankers in the limbs, it was thought that by observing a few 
of these varieties, some apparently resistant and others susceptible, one 
might learn whether or not any common characteristic of behavior ex¬ 
isted. Before these studies are dLscussed, information regarding resist¬ 
ance and susceptibility, other than that already published (16), must 
be given. 

Whatever the basis for classifying varieties according to resistance 
and susceptibility, whether it be the number of trees partially or wholly 
killed, or the frequency with which the trees are attacked, the result is 
a composite, the integral parts of which exist for different reasons. If, for 
example, the basis is tree mortality, one variety may suffer little loss. 
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perhaps because the trees are inherently resistant to attack or because 
they are, when attacked, not favorable to rapid extension of canker, or 
because they somehow escape infection. If, on the other hand, the basis 
is the frequency with which the disease occurs in trees of the different 
varieties and if no attention is paid to the number of trees wholly or 
partially killed, the results will reflect any existing inherent resistance 
to attack and any escape; but they will not necessarily show how favor¬ 
able or unfavorable the trees of particular varieties are to extension of 
cankers once infection is established. 

These points are stres.sed because one can interpret the following data 
best by keeping in mind the factors contributing to tho.se phenomena 
called susceptibility and resistance. No claims are made that the data to 
be given reflect, or could have been made to reflect, the separate influ¬ 
ences of the contributory factoi*s. In some outstanding examples to be 
cited, the severity of the disease in a given variety in a given year was 
almost certainly conditioned by one or more of these factors. 

SuscopiihUity from the Standpoint of Frequency of Infeetion. —That 
differences in incidence of infection may in some years be among the 
important causes of heavier losses in <)ne variety than in other equally 
susceptible varieties was recentlj" observed. In 1935 Duarte trees in cer¬ 
tain orchards were wholly or partially killed in greater numbers than 
adjacently growing President, (Irand Duke, or Tragedy, mainly because 
they became infected through blossom buds and apparently, in some 
cases, through the open blossom itself or tlirough the bases of the blos¬ 
soms. In 1936 the reverse was true; President trees suffered more from 
blossom bud infection than did Duarte. In 1937 Duarte, Wickson, and 
Santa Bosa trees w’cre. on the whole, attacked through buds far more 
frequently than President, Grand Duke, or Tragedy. From the stand¬ 
point of the rapidity of canker extension, once infection is established, 
President seems somewhat more susceptible than Duarte. 

Smeeptihility of Different Varieties from the Standpoint of Tree Mor¬ 
tality. —The 1933 classsification of the susceptibility of plum varieties 
was based on records of the percentage of trees wholly or partially killed 
during the 1930 outbreak. Additional observations considerably alter this 
list, particularly on varieties falling betw'een the two extremes of sus¬ 
ceptibility. Climax, for example, listed as more susceptible than Grand 
Duke and Tragedy, seemed in later years considerably less affected than 
they. One should not infer, however, that in all years the three varieties 
differ widely with respect to the number of trees lost. One reason for the 
seeming change from one year to another, of comparative susceptibility 
between different varieties was given under the preceding heading. 
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A further change in order of susceptibility concerns the Sugar variety, 
which is undoubtedly more susceptible than indicated by its position in 
the list (16). 

Regarding the most susceptible and most resistant varieties the list 
needs little revision: President and Duarte have consistently suffered 
greater loss than any others; Kelsey and Beauty, very little loss. 

Table 4 shows the wide difference of susceptibility between a few im¬ 
portant varieties. To minimize differences arising from the existence of 

TABLE 4 


Susceptibility of Different Varieties of Plums to Bact'eeial Canker 


Year 




observa- 

Orchard 

Variety of plum* 

Per cent of trees 

t.ions were 

n umbel 

badly diseasedt 

made 






f President 

S Santa Rosa 

41 

1»33 

1 

lf» 



[ Beauty 

12 



1 Grand Duke 

70 

11)33 

2 

j Suirar 
j Kelaey 

Burbank 

ss 

5 

12 

1934 


/ Grand Duke 

25 

3 

\ Beauty 

11 



f President 

27 

1937 

4 

'! Duarte 

1 



( Beauty 

0 


* President, (Irand Duke, and Suisar are Prunuf< domesUca varieties, Santa Pnsa, Beaut v. Kel»e> . and 
Burhank. P. »o/jrtria vaiieliea; Duarte appears to be a P. ftaluuita h\ bnd 

t This includes Irenes in which the disease yvas severe enou^jh to kill blanches or the entjie tree 


localized infection centers that might have become established iii one 
block of trees and not in another, observations in a given orchard were 
confined to adjacently growing trees of the same age. These data show 
the consistently high susceptibility of President, (Irand Duke, and Sugar 
in contrast to the resistance of such varieties as Beauty and Kelsey. Bur¬ 
bank and Santa Rosa appear intermediate. Duarte trees (observations 
of 1937) were affected much more than Beauty but not so badly as Presi¬ 
dent when the Duarte trees were adjacent to the other two varieties. This 
difference should be remembered during later discussion. 

Differences in the Bate of Canker Extension in VarieAies of Plums .— 
The comparative susceptibility of President and Duarte plum has been 
approached from the standpoint of the rate at which cankers extend in 
the limbs of each. At various times during Ifidf), 1936. and '*937 adja¬ 
cently growing trees of the two varieties were inoculated. The trees were 
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Fig, 0.—Canker development in two varieties of plums and one variety of sweet 
cherry. The data indicate that Ihiarte plum trees are somewhat less favorable to 
extension of cankers than President plum and Bing cherry trees. 


of the same age, having been planted in the winter of 1931-32. For com¬ 
parison Bing cherry trees of the same age were also inoculated. Cankers 
were measured 20 days after inoculation. 

According to figure 6 larger cankers were produced in limbs of the 
variety President than in Duarte, with but one exception. As might be 
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expected from the inoculation results given earlier in this paper, cankers 
produced at different times of the year varied in size. This was true of 
both plums and the cherry as well. With but two exceptions, cankers pro¬ 
duced in the cherry limbs were somewhat larger than those produced in 
President. 

Here we see further evidence for regarding Duarte as less susceptible 
than President, even though in some years more Duarte than President 
trees were wholly or partially killed. This work raises the question as to 
whether or not other varieties of plums differ with respect to the com¬ 
parative rate of canker extension after infection occurs. Though no com¬ 
parable body of data is available on the point, one series of inoculations 
made January 12,1938, in Placer County leads one to believe that other 
varieties do differ in respect to the rate of canker development. The aver¬ 
age length of canker, 44 days after inoculation, for several varieties of 
plums is tabulated as follows: 


Variety 

President. 

Grand Duke. . . 

Sugar . 

Puarte. 

Burbank. 

Beauty . 

Kelsey. 


Millimeters 

...89 
. . . 64 
..57 
.. 45 
.45 
. 39 
.. 32 


According to these data, the European type of plum (President, Grand 
Duke, and Sugar) developed larger cankers than the Japanese type 
(Duarte, Burbank, Beauty, and Kelsey). In the previous section, the 
Beauty, Kelsey, and Burbank varieties were said to suffer less loss of 
trees than such varieties as President, Grand Duke, and Sugar. The in¬ 
oculation results indicate a possible reason for the difference in suscepti¬ 
bility, in that cankers in Kelsey and Beauty developed less rapidly than 
those in President, Grand Duke, and Sugar. 


INTERNAL REACTIONS OP THE HOST IN RELATION 
TO CANKER DEVELOPMENT 

We shall now consider the morphological changes in the host tissue that 
might be construed as reactions to the bacteria and shall attempt to de¬ 
termine whether such changes affect canker activity. 

Nature of the Reactionc .—Strictly speaking, reactions to the bacteria 
are of two types: (1) those in which the vascular cambium, or at least 
undifferentiated cells in that region, are concerned; and (2) those in 
which a cork cambium or phellogen is concerned. Both these types of 
reactions may occur in different parts of the same canker. 













Jan., 1939] 


WUaon: Factors Affeetinp Bacterial Canker 


283 


Frequently the margins of cankers advance only along a restricted zone 
in the vascular cambium. The bacteria may later invade the overlying 
phloem and cortical tissue ; but often diseased areas in the cambial region 
at the margins of the cankers will be buried beneath new tissue generated 
by unaffected cambial cells—or at least by undifferentiated cells in the 
cambial region—^before the bacteria have time to invade the phloem and 
cortex. This new tissue, interestingly enough, is xylem laid down in a 
more or less regular fashion. As shown in figure 7, the new developing 



Pig. 7.—Badiul longitudinal section through the hark of a Duarte 
plum branch inoculated on September 15, 1935, fixed two months later, 
showing how part of the diseased phloem tissue (p) is buried by later- 
formed xylem (x). Infected phloem tissue (d) has been separated by 
means of a phellogeii from remaining healthy phloem and cortex (c). At 
1 / the disease has extended along what "were then outer layers of sapwood, 
buried by new xylem (x) through activity of the cambium ( 2 ^) .Apparently 
the only derivative of this cambium is xylem. The path of the needle is 
shown at v and in the immediate neighborhood some of the tissue has 
become infected; this diseased tissue extends along i/. 

xylem may, in needle-prick inoculations, occlude some phloem tissue at 
the point of inoculation. Since the host responds similarly, but less ex¬ 
tensively, near wounds made with a sterile needle, we cannot attribute 
the response evident around the needle wound in figure 7 as stimulated 
wholly by bacteria. The bacteria have, however, invaded (d) above and 
below the path of the needle (n). When the invasion occurred the lower¬ 
most area of diseased tissue was in the cambial region but was subse¬ 
quently buried beneath new xylem (®). This type of host reaction departs 
but little from the normal production of new tissue by the cambium. 
The bacteria had invaded considerable phloem but when the fixation 
was made this infected area was separated from the overlying healthy 
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phloem and cortex (c) by a periderm. The response involved the pro¬ 
duction of a phellogen, which will be considered next. 

A phellogen develops at the lateral margins of a canker and generates 
a mass of new tissue similar in some respects to that developing at 
wounds. If the bacteria have invaded the bark tissue downward to the 
cambium both at the apices and the lateral margins of the canker, the 
mass of new tissue may extend entirely around the infected area. More 
frequently, however, such tissues are formed only along the lateral mar¬ 
gins ; the apical margins will be seen to diffuse into a series of loosely 
connected reddish-brovni streaks, forming a zone sometimes several 
inches wide. Microscopic examination of cross sections of these reddish- 
brown dormant streaks will show' a core of infected tissue surrounded by 
a periderm sometimes 10 to 15 cells thick. The cross-section area of the 
streaks varies from only a few cells to many hundred, the number de¬ 
pending on the amount of tissue invaded when the periderm was formed. 
The thickness of the periderm varies among different diseased areas. Ex¬ 
tremely vigorous periderm formation sometimes occurs when the cankers 
are located in the outer layers of the bark; the inner face of the canker is 
separated from the underlying healthy tissue by a phellogen that gener¬ 
ates a periderm many cells thick. When exposed the periderm cells may 
separate from each other and fall apart as a powdery mass; and by 
breaking the outer layer of bark one may lift the entire diseased, dead 
area away from the underlying healthy tissue. A somewhat similar situa¬ 
tion exists in the pear-blast canker eatised by the same organism {J7,18). 

Although not studied in detail, the major anatomical changes occur¬ 
ring when phellogen appears around infected streaks at the apices of 
cankers have been noted. The first noticeable sign of phellogen forma¬ 
tion was an apparent clearing of a zone of healthy cells at the periphery 
of infected streaks. The cau.se of this clearing, noticeable in freehand sec¬ 
tions of fre.sh material, was not deternuned. Priestley (8), noticing a 
similar clear zone, attributed it to the absence of air between the cells. A 
translucent, w'ateiy appearance of cells near the vascular cambium just 
before cambial activity in the spring w'as said by Priestley (8) and by 
Priestley and Swdngle (9) probably to mean that the cell contents had 
changed from a condition of a gel to one of a sol. In the present work the 
clearing first occurred in cells on the face of the disea.sed area nearest 
the vascular cambium. Shortly thereafter certain cells in the cleared zone 
laid down walls parallel to the margin of the diseased area. New cells 
were then generated by this layer. Figure 8 shows three stages: (A) A 
cross section through diseased bark before the phellogen appears. Since, 
in this ease, the bacteria did not involve all the cells near the invasion, 




Pipf. 8.—Cross sections throupfh diseased bark of 
plum in different stages of phellogen development. 
A, Before phellogen has formed; note the indefinite, 
diffused region of invaded tissue. B, Well-defined, 
gum-impregnated invaded region after a phellogen 
has formed. C, A well-developed periderm separating 
infected from healthy tissue. 












286 


MUffardia 


[Vou 12, No. 4 


the limits of the diseased area are ill-defined. (-S) A cross section through 
a diseased area around which phellogen has formed and has begun to 
produce new cells. The diseased region is now well defined, and most of 
the cells in the region are involved. (C) A cross section through a dis¬ 
eased region surrounded by periderm 6 to 7 cells thick. 

Relation of Host Activity to Periderm Formation .—^From the work of 
others (5) we know that cambial activity, initiated at the base of the bud 
when the buds begin to grow, spreads to ail parts of the tree. Bud growth 


TABLE 6 

DEVBT.OPMKNT OP PERIDEKU AROUND INVADED ARXAS IN THE BARK OP AN EAEDY 

AND A Late Blooming Yariett op Plum, 1935 


Date of 
fixation 

Duarte (early blooming) 

President (late blooming) 

Stage of host 
development 

Occurrence of 
phellogen 

Stage of host 
development 

Occurrence 
of phellogen 

Feb. 21 

CJtjsed cluster 

None 

Dormant 

None 

Feb. 27 

Open cluster, tips of two leaves 
exposed 

None 

Buds swelling 

None 

Mar. 12 

Full bloom, two leaves un¬ 
folded 

Beginning 

Closed cluster 

None 

April 4 

Ten leaves unfolded, largest 
53X18 mm 

Well developed 

Just past full bloom, three 
leaves unfolded, largest 20 
X 10 mm 

1 

Beginning 


is, therefore, a visible criterion of cambial activity; those varieties of 
plums that blossom earliest will start cambial activity earliest. As far as 
the reaction of the tree to the presence of Phytonionas ccrasi, as just 
outlined, concerns the activity of vascular cambium at the margins of 
invaded and healthy tissue, those varieties which bloom earliest will 
presumably be the earliest to produce new tissue in such areas. But, since 
reaction of the host to the presence of the bacteria also involves periderm 
formation in phloem and cortical tissue, it was necessary to study the 
relation between this phenomenon and growth of the tree. 

To define the connection between the beginning of growth of the host 
in the spring and periderm formation around diseased areas in phloem 
and cortex, the following studies were made. Limbs of Duarte plum trees 
were inoculated in early February, 1935. At 3- to 4-day intervals, pieces 
of tissue at the apices of the developing cankers were examined for phel¬ 
logen. As long as the trees remained dormant no phellogen was produced, 
but when the buds started growth a phellogen appeared and began to 
generate periderm. In these particular cases about three weeks elapsed 
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between inoculation and the first observed phellogen. The time necessary 
for phellogen development after inociilations in late May was, on the 
other hand, between 9 and 11 days. 

Thus it seems that periderm formation around invaded areas in phloem 
and cortex appears also to be determined by activity of the tree. Between 
late autumn and early spring or, in other words, during dormancy of 
the trees, it was not observable. 

Periderm Formation around Diseased Areas in Different Varieties of 
Plums .—Since periderm formation around invaded areas begins in the 


TABLE 6 

Relation or Vaeieties or Plums to Cebtain CHARArTERisTics 
or THE Cankers Durinq the Summer or 1932 


Variel \ • 

i 

Sjieriee 

i i 

Per cent of 
canker^i with 
reddiBh-brown 
streaks at 


j 

niarcins of 
necrotic area 

riynian 

Prwn U 4 I domesttca 

15 

SuKaf 

P. domesiica 

5 

Gmiul Duke 

P. dome$iica 

Id 

Tragedy 

P. domeatwa 

2R 

CaUfornia Blue 

1 P. df>7nesiiea 

2« 

Duarlo 

P. »ahcinai 

58 

Santa Rfwa 

1 P. italietna 

73 

W irkmni 

P, naltctna 

78 


• Santa Kona. Duarte, and Wickhon vanetiea hlnnsom niiioh earliei in the 
apnng than do the other varieties. 

t Duarte appears to be a Pruvus imftcina hvtirid. 


spring only after the trees start growth, it should differ in varieties that 
started growth at different times. Two varieties of plums, one of which 
(Duarte) begins growth 2 to 3 weeks earlier than the other (President), 
were inoculated February 10, 1935. Freehand sections of the cankers at 
different times after inoculation showed that the Duarte began to form 
a periderm around infected tissues about 3 weeks before the President 
(table 5). The first observed periderm appeared in both varieties at 
about the same stage of their development—that is, just before full 
bloom. 

No similar body of data is at hand regarding development of a peri¬ 
derm in other varieties. Such studies would be valuable, particularly in 
the varieties Beauty and Kelsey, ivhieh besides starting growth earlj' are 
much more resistant to the disease than Duarte. Judging from some ob¬ 
servational data, however. Kelsey and Beauty tend to produce periderm 
earlier in the spring than such varieties as President, Grand Duke, and 
Tragedy. Early in the work the characteristics of caukei*s during the 
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summer "were found to differ among varieties. At first no particular im¬ 
portance was attributed to this fact, but later evidence showed that these 
differences were caused by the presence or absence, and by the relative 
amount, of periderm around infected streaks at the apices of cankers. 
Cankers, for example, could be separated on the following bases: (1) 
those in which the dull-brown, watery margins gradually merged into 

TABLE 7 

Comparison op the Varieties op Plums with Respect to Certain 
Characteristics op the Cankers During 
Mat, 1935, and May, 1937 


Date of 
observation 

Variety* 

Species 

C’lasa It 

("lues 2t 

Class 31 


1 

President 

Pru7iU8 domtshca 

58 

26 

1(> 



Grand Duke 

P. domeatxca 

32 

[ 33 

35 

May 29, 1935 


Tragedy 

P. dome^ttca 

40 

40 

20 



Duarte 

P. salxcxna 

IS 

3S 

44 



Beauty 

P. /talxcxna 

(> 

17 

77 



Santa Rosa 

P. dahcxna 

0 

1 

ftft 



President 

P. domestxra 

Ort 

34 

0 



Grand Duke 

P, domeMxca 

33 

47 

0 

Ma> 19. 1937 


Tragedy 

P. domeshca 

31 

54 

15 



Duarte 

P. nahcina 

fi 

56 

38 



Beauty 

P, safictna 

0 

3ft 

61 


* The order in which these varieties blossom in the spring is* Santa Ib^a. Heant \ , 1 )narie, TiaKOily, 
Grand Duke, Presidont—the Santa Hosa beins earUent anti the Pri-sident late.**! 
t Class 1, cankers w’lth few or no dormant streaks. 

{ ("lass 2, cankeis with a considerable number of <lormant streaks 

^ Claas 3, cankers with most of the visibly invaded tissue in the ft»rm of doimant sireaks 

healthy tissue, with no reddish-brown dornianf sireaks. and (2) those in 
which the margins were well defined at the edges of tlie necrosed area 
and which also possessed a zone of the reddish-brown dormant streaks 
beyond the necrosed area. Data in table 6 collected during tin* summer 
of 1932 reveal a striking difference between varieties in the iioreentage of 
cankers belonging to the second type. Trees of Pninus dowestica varie¬ 
ties bore markedly fewer cankers of this type than did those of P. snlicina 
varieties. 

In Ma 3 ', 1935, and May, 1937, further evidence on this point was ob¬ 
tained. Based upon the character of the canker with respect to the 
presence or absence and the relat ive abundance of dormant streaks, three 
classes of cankers were obtained: (1) cankers having very few or no dor¬ 
mant streaks at the apices, (2) cankers having a considerable number of 
dormant streaks intermingling with the dull-brown, active streaks, and 
(3) cankers having most or all of the visibly infected tissue at the apices 
in the form of the reddish-brown dormant streaks. Only such cankers 
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as had enlarged during the previous winter and spring were included. 
Those that had girdled the limb were omitted, since presumably such 
weakened limbs would not react to the presence of the disease with the 
same vigor as ungirdled limbs. According to data presented in table 7 
the Frunus domcsiica varieties again separated themselves from the P. 
sahcina with regard to the abundance of infected streaks surrounded by 
periderm. In this respect Duarte stood intermediate between President 
on the one hand and Beauty on the other. Apparently, therefore, the 
early varieties are first to start periderm formation. 

Callus Formation at the Surface of Mechanical Wounds in Different 
Varieties of Plums. —Re.sponse of different varieties of plums to wounds 
inflicted during dormancy was observed for two seasons. Although the 
response to surface wounds might differ in certain details from that 
occurring at the margins of diseased areas in the interior of the bark, 
the presumption was that the wound response, in regard to its vigor and 
to the time it began in the spring, would coincide with the response at 
the margins of invatled areas. 

Trees of alxmt the same age and growing in nearby plantings given 
the same (uiltural treatments were used in these studies. Early in Feb¬ 
ruary 1-ineh holes were bored into 5 limbs of each of 5 trees of the differ¬ 
ent varieties. The lioles, extemding through the cambial region to the sap 
wood, were painted with shellac in accordance with the work of Mar¬ 
shall (6'), who found tliat shellacking aideil callusing in forest and shade 
trees. At ditfercjjt times thereafter the wounds were observed for callus, 
which first develo}>ed as a light-green, cheesy mass of tissue at the lateral 
sides of the holes. The length and width (at the widest point) of these 
callus masses w(‘re mea.surod at two different times. The measurements 
of length wH^re multiplied by the measurements of the wddth to obtain a 
ealliising index. These indices, together with information coneerning 
stage of development of the different varieties at the time the callus was 
measured, appear in table 8. 

In 1034 tlie experiimuit included three varieties : President, one of the 
latest plums to start growth ; Beauty, moderately early; and Santa Rosa, 
very early. By March 0, aci'ording to the data in table 8, Beauty and 
Santa Kosa, but not President, had developed a measurable amount of 
callus. By March 22, President had developed considerable callus, but 
the other two varieties w^ero far ahead, Santa Rosa more so than Beauty. 

The 1935 experiments included seven varieties that differed both in 
their susceptibility to the disease and in their earliness to start growdh. 
In addition younger trees (nine years old) of two of the varieties were 
studied, ("allusing began w'hen the blossom buds were opening (table 8). 
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The first to begin were the earliest-blooming varieties, Santa Bosa being 
the earliest. There was a great difference between Prtinus domestica vari¬ 
eties (President, Grand Duke, and Tragedy) and those of P. saUcina 
(Kelsey, Beauty, Santa Bosa, and Duarte); the latter group began to 
form callus earlier than the former. In addition the young Beauty trees 
were somewhat later to bloom and later to begin callusing than the older 
Beauty. This, however, was not the case with young President. 


TABLE 8 

Gallttsino of Wounds in Different Varieties of Pldns 


Year 

Variety 

1 First observation 

0 

Second observation 


Host 

developmenif 

Per 
cent 1 
of holes 
callus- I 
ing 

Callus- j 
ing 

indext 

Host developmenif 

Per 
cent j 
of holes i 
call us¬ 
ing 

Calius- 

ing 

index! 



{ Santa Rosa 

End of bloom 

80 

16 

Fruit 4-5 mm diameter 

100 

99 

1034 

1 

Beaut}' 

Full bloom 

64 

10 

Fruit 3-4 mm diameter 

96 

40 



[ President 

Dormant 

0 

0 

10 per cent blossoms oixm 

60 

13 



Santa Runa 

Open cluster 

54 

5 

5 leaves uufoUletl 

1 100 

38 



Kelsey 

Early open 









cluster 

44 

4 

7 leaves unfolded 

96 

24 



Duarte 

Early open 




1 





cluster 

44 

4 

4 leaves unfolded 

100 

32 



Beauty 

Early open 






1935 



cluster 

60 

0 

1 leaf unfoldiKi 

93 

23 



! Beauty (young 





j 




trees) 

Buds swelling 

28 

3 

Full bloom 

08 

8 



Tragedy 

Buds swelling 

0 

0 

50 per cent blossoms open 

! 74 

9 



Grand Duke 

Dormant 

0 

0 

15 per cent blossoms open 

48 

4 



President 

Dormant 

0 

0 

Open cluster 

40 

2 



^ President 





i 




(young trees) 

Dormant 

0 

0 

Open cluster 

70 

3 


* Firtit observation in 1934 was March 9. and m 1935, February 18; 6€»cond observation in 1934 was 
March 22, and in 1935, March 19. 

t Although most designations of the stages of host development are self explanatory, the following are 
defined: “buds swelling” and “buds bieaking” refer to the enWgement and separation of the scales of the 
buds containing blossoms; “early ojHsn cluster” and “open cluster” indicate different stages in tlie separa¬ 
tion of individual blossoms in clusters after they have emerged from the bud scales. 

I Index number derived by multiplying length of callus tissue by its width. 

Relation of Host Development and Periderm Formation to Canker 
Development .—Three different methods of approach indicated in the 
foregoing section that those varieties first to start growth in spring were 
also first to produce periderm around diseased areas or callus at the sur¬ 
face of wounds. If we now compare these data (tables 5, 6, 7) with those 
(table 4) concerning susceptibility of varieties we find, on the whole, that 
the varieties first to start growth (Kelsey, Beauty, and Santa Rosa) were 
among the more resistant, while those starting growth later (President, 
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Grand Duke, and Tragedy) were the more susceptible. An apparent 
exception was Duarte, which, though highly susceptible to infection 
through buds, appeared less favorable to extension of cankers than Presi¬ 
dent. In other words, these two varieties differ with regard to the rate of 
canker development once infection is established, cankers in President 
extending more rapidly than those in Duarte. Periderm formation, more¬ 
over, starts earlier in Duarte than in President (tables 5 and 8). Hence 
the above generalization apparently holds true for all varieties tested. 

The inference from this discussion is that periderm may possibly play 
a part in limiting canker activity. Earlier work {16) had suggested this 
possibility inasmuch as a concurrence between canker development and 
response of the host to presence of the disease was found to exist. When, 
for example, inoculations were made in early autumn at a time trees were 
capable of burying affected areas beneath new tissue, as described in the 
first part of this section, small lesions resulted. If, on the other hand, 
inoculations were made in late autumn, when the trees had lost the ability 
to react to the disease, larger cankers developed. As we have seen, the 
results of inoculation throughout the two years reported herein (figs. 
1, 2) conform with those published earlier (16). In view of the coinci¬ 
dence between beginning of canker activity in autumn and loss by trees 
of their ability to produce periderm, records concernmg stage of host 
development were kept each time the inoculations in figures 1 and 2 were 
made. In general these records show that larger cankers were secured 
from inoculations in autumn after the leaves had fallen than before leaf 
fall. In spring, maximum canker extension occurred sometime between 
the early blooming and first-leaf stages of the trees. The data concerning 
the first periderm formation in Duarte (table 6), the variety used in 
these inoculation tests, show that by early bloom stage this phenomenon 
was underway; that is, sometime before blossoms opened the trees re¬ 
gained their ability to produce periderm. The period between the time 
in autumn when the trees lost this ability and the time in spring when 
they regained it, corresponded roughly to the period when the disease 
may actively develop. Since data in figures 3 and 4 were interpreted to 
mean that some factor or factors tended to check canker extension even 
before the maximum springtime extension occurred, we may hypotheti¬ 
cally assume that one factor, at least, was the regained ability of the host 
to produce periderm. Early in the spring, when the tree first begins to 
grow, the vigor of periderm formation is low; but it increases as spring 
advances and as the trees come into leaf. Such a conception answers the 
requirements of the evidence that influence of the factor towards limiting 
canker extension becomes more profound as spring advances. The as- 
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sumption that periderm may prevent extension of diseased areas presents 
nothing new. It has been investigated by Shaw (11) in the fire blight 
disease. This worker reports that the “cork layer” developing in advance 
of fire blight cankers appeared to prevent canker extension. When the 
layer was broken by mechanical means, cankers proceeded to extend even 
though they had previously ceased activity. Neither is the evidence pre¬ 
sented herein, regarding activity of cankers during only certain parts of 
the year, unsupported by other workers. Wormald (19-32) could not 
obtain cankers of the cherry bacteriosis by inoculating in summer, but 
did obtain them when he inoculated at leaf fall (October or November). 
He further reports (20) that cankers stopped elongating in June. 

If periderm causes waning canker activity in late spring and if, as 
shown earlier, phellogen activity depends upon growth of the tree as a 
whole, then cankers should cease activity earlier in those varieties which 
are first to begin growth in spring. Although no experimental evidence 
is at hand, the following observations are pertinent. Records taken in 
May, 1935 and 1937 (table 7), purported to show that cankers among 
trees of certain varieties differed with regard to t he presence, absence, 
and relative number of dormant streaks. These streaks, it was found, 
were characterized by the fact that periderm had formed between the 
infected and the healthy tissues. More cankers in trees of early varieties 
possessed dormant streaks in considerable numbers than in trees of late 
varieties. In discussing the stages of canker activity (in the first section 
of this paper) the occurrence of dormant streaks was shown to indicate 
cessation of canker extension. lienee the data in table 7 may be regarded 
as evidence that by May a larger percentage of cankers were inactive in 
early than in late varieties. 

To study more critically the connection between periderm formation 
and the waning of canker activity, numerous inoculations were made in 
May, 1937, into trees of Duarte plum. President plum, and Bing cherry, 
when the trees were in full leaf. The earlier experiments (figs. 3, 4) had 
indicated that cankers would develop more rapidly the first few day.s 
after inoculation than in subsequent days. To determine this point, 25 
to 30 cankers were measured in each of the different .species of trees 5, 8, 
11, and 15 days after inoculation. At the same time pieces of bark at the 
apices of the cankers were taken for microscopic examination. To obtain 
a quantitative expression of periderm formation, freehand cross sections 
of the apices of 10 cankers w'ere examined each time. The number of cells 
in the periderm, including the phellogen itself, were counted at several 
places around the invaded areas. This step was necessary because the 
layer did not develop uniformly on all faces of the canker: it frequently 
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appeared on the inner face (nearest the cambium) sooner than on the 
outer face (nearest the cortex). It also appeared earlier at the sides than 
at the apical margins, particularly if the diseased area at this point had 
extended inward to the cambial zone. Since, however, the information 
desired concerned the time when phellogen appeared at the advancing 
apical margins, this region only was considered in compiling the data. 



Fig. 9. --Coniparison between canker enlargement and periderm formation in two 
varieties of plums and one variety of sweet cherry. Inoculations were made in 
May, 1937. 

As with most Cornier inoculations (fig. G'l the Duarte plum developed 
the smallest cankers, the President plum somewhat larger ones, and the 
Bing cherry the largest (fig. 9). Canker extension was very rapid in the 
three hosts during the first 5 days after inoculation, but very slow thence 
to the end of 15 days. These results accord well with those appearing in 
figures ^1 and 4, wherein the rate of canker extension during the 10-day 
period after inoculation was more rapid than that t^or the second 10-day 
period. 
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Whereas rate of canker extension suddenly decreased in the present 
experiments 5 days after inoculation, periderm formation was not ob¬ 
served in the plums until 8 to 11 days after inoculation, nor in the 
cherry until 11 to 15 days after inoculation. True, the relative amount 
of periderm formed in trees of the three species was roughly propor¬ 
tional to the size of cankers produced. We should not, however, consider 
this as proof that formation of this layer prevented canker extension, 
since (fig. 6) cankers developing in Duarte plum and Bing cherry varied 
in the same relation when inoculations were made in January, at a time 
when we should not expect periderm formation. Before concluding, how¬ 
ever, that no causal relation exists between periderm foiunation and 
cessation of canker extension, we should not overlook the possibility that 
some change in the tissue destined to become meristemmatic might pre¬ 
cede appearance of the phelJogen, and that such a change might check 
canker extension. 


SUMMARY AND CONCLUSIONS 

Criteria, involving visible changes in the characteristics of the canker 
margin, have been developed to determine rise and fall in canker activity. 
By these criteria activity was seen to begin in late autumn, continue 
throughout winter and spring, and halt in early summer. 

Increases and decreases of the bacterial population in affected tissue 
accompanied rise and fall in canker activity. 

Marginal characteristics of the cankers, though <lenoting to .some ex¬ 
tent cankers that will or will not constitute oversummering sources for 
the bacteria, are not entirely reliable, since other factors influence sur¬ 
vival of the bacteria in diseased tissue. 

By inoculating trees at intervals throughout most of two years, it was 
found that the period in the autumn when cankers could be obtained 
corresponded with that during which naturally occurring established 
cankers began activity. Likewise the period in spring when cankers 
could no longer be obtained corresponded to the period during which 
naturally occurring established cankers cease activity. Apparently these 
data verify earlier conclusions that the enlargement of the diseased areas 
is confined to certain seasons of the year. A similar seasonal activity is 
typical also of the pear canker caused by the same organism. 

Experiments were performed to determine how various factors, in¬ 
cluding those of the external environment and those within the trees, 
affect the activity of cankers. Low temperatures during midwinter were 
seen to result in decreased canker extension, whereas the riue of tem¬ 
perature in spring was accompanied by increased extension. The failure 



Jan., 1939] 


WilMm: Factors Affecting Bacterial Canker 


29S 


to obtain cankers by inoculating in early autumn and early summer was 
not, however, as far as the data warranted, attribiitable to adverse tem¬ 
perature. Especially, differences in rates of canker extension between 
two successive periods following inoculation could not be attributed to 
temperature differences. These data suggested that some factor began 
exerting an influence during the spring period when canker extension 
was at its maximum and that this influence became more pronounced as 
spring passed. 

Moderately diseased trees growing on sandy loam soil were benefited 
by fertilization with ammonium sulfate. The benefit did not arise from 
increased resistance of trees to infection, nor apparently from increased 
resistance to extension of cankers through the tissues once infection w'as 
established, but seemingly from an enhanced ability of the tree to repair 
damages done by the disease. 

Different soil-moisture conditions did not make trees growing in the 
field more or less favorable to progre.s.s of the disease. In tank experi¬ 
ments, however, where trees were located in soil lacking in available 
moisture—that is, soil in which the moisture had been reduced below the 
permanent wilting percentage—inoculations failed to induce cankers, 
w'hereas cankers were induced by inoculations into trees growing in soil 
with moisture above the permanent wilting percentage. The different 
results obtained in the two types of experiments are attributed to dis¬ 
similar conditions. That is, the orchard trees in the dry plots were prob¬ 
ably never subjected to such extreme lack of available moisture as were 
trees in dry tanks, but may have been supplied with water by a few roots 
extending somewhat deeper than the 6-fo(jt depth at which the samples 
were taken. The results can be interpreted as indicating that a lack of 
available soil moisture affected the disease adversely, whereas wide dif¬ 
ferences, short of an actual lack of available moisture, did not influence 
the disease. These studies by no means exhaust the possibilities of the 
problem as it relates to soil moisture. 

Severity of the disease in a locality will be conditioned by the varieties 
grown. A few varieties are resistant, more are highly susceptible, but the 
greatest number are intermediate. Distinction is made between suscepti¬ 
bility to infection and susceptibility to inroads of the cankers once infec¬ 
tion is established. One variety, the Duarte, classed as highly susceptible 
on the basis of tree mortality, prc)ved consistently less favorable to prog¬ 
ress of the cankers than another variety (President) which in two years 
suffered less from the disease. The former variety was highly susceptible 
to infection through buds, a situation apparently accounting for the 
high mortality of trees in certain years. 
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Internal reactions of the host to presence of diseased areas were con¬ 
sidered from the standpoint of possible effect on progress of cankers. 
These reactions are induced by (1) the vascular cambium, or at least by 
cells in that region, and (2) by a cork cambium or phellogen. Major 
aspects of development of the phellogen and resultant periderm around 
the diseased areas at canker margins are described. Relation of growth 
activity of the tree to periderm formation is considered. This and the 
similar, though probably not identical, phenomenon of callusing of 
wounded surfaces were shown to depend upon growth activity of the 
tree. Such varieties of plums as Beauty, Kelsey, Santa Rosa, and Duarte, 
that began growth early were found to develop periderm around diseased 
areas and callus at surfaces of wounds earlier than such varieties as 
President, Grand Duke, and Tragedy, that began growth late. 

According to certain observational data, cankers in early-blooming 
varieties of plums (Beauty and Santa Rosa) stop activity earlier in 
spring than cankers in late-blooming varieties (President. Grand Duke, 
and Tragedy). Experimental data indicate a certain relation between 
occurrence of periderm and cessation of canker extension, but fail to 
prove that the periderm actually prevented canker activity. This ])oint 
is worthy of much additional work. 
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SOME FACTORS AFFECTING THE 
SUSCEPTIBILITY OF PLANTS 
TO FIRE BLIGHT" -" 

H. EAEL THOMAS* AND P. A. ABK‘ 

Students op pire blight (caused by Bacillus amylovorus) for a century 
or more (4)“ have made observations which sufryested that the environ¬ 
ment of the inherently susceptible plant has a marked influence on the 
degree of susceptibility in any given situation. Certain elements of the 
environment have been studied exhaustively in more recent times, while 
others are still somewhat neglected. 

In the work reported in this paper, consideration has been given to 
some of the factors which might be expected to affect the degree of sus¬ 
ceptibility of a given plant, and more particularly those wliich might 
give some clue as to the nature of resistance to this disease. A few of the 
points dealt with have to do leather with escape than true resistance. 

aiOliPllOLOGY OF THE PLANT IN RELATION TO INFECTION 

Apart from wounds made by insects and other agencies, the entrance of 
the blight organism into the plant seems to be limited largely or entirely 
to natural openings, particularly in the nectaries and to a le.ss extent in 
certain other flower parts ( ’O), the .stomata of the leaves {11, -W), and 
probably also on the very young fruits (.^6) and shoots. It now seems 
probable («, 17, 30) that penetration from the nectary into the recep¬ 
tacle, at least in the jiear and apple, is through openings similar to or 
identical with the stomata. 

There is a persistent imiiression, however, among pear growers and 
others, that infections may develop in the older bark of trunks, crotches, 
or large branches in the absence of any discernible shoot, spur, or wound. 
With this in mind, in three experiments, pear branches of varying ages 
up to about seven years were cut into convenient lengths and kept in a 
highly humid atmosjihere until the whitish i)arenchyma tissues began to 
be exserted at vai-ious i)la<‘es on the surface. The blight orgauLsm was 
then applied to these tissues with a camers-hair brush. No infection fol- 

^ Received i’or publication July 26,1938. 
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lowed. Under these conditions, however, the killing produced by inocu¬ 
lation through needle punctures was slight (up to 2 mm from the point 
of inoculation in 10 days). Nevertheless, if the long experience of many 
workers in the orchard is included as evidence, it seems probable that 
the organism seldom if ever penetrates the bark directly in the absence 
of wounds. 

Nixon {29) has pointed out that the path of migration of the bacteria 
within the plant usually lies in the outer cortical tissues which have large 
intercellular spaces, and some workers infer that the size of the spaces 



Fig. 1.—Parenchyma in raidvein of leaf of Fyracavtha an g uni if alia show¬ 
ing bacterial masses of various sizes in the intorcollular spaces as at A and C, 
The cell walls are giving way, apparently under pressure from the masses, and 
at B a cell is almost entirely collapsed but apparently not yet invaded. 


is a factor in determining the region to be invaded. The fact of selection 
of these tissues is unmistakable: in the older pear branches, the organism 
may advance for at least 12 inches and cease activity without killing the 
inner bark. To study this point further, transverse sections were cut 
from stems of the susceptible Cotoneaster pannosa about inch from 
the growing tip and again about 2 inches from the tip. The latter would 
represent distinctly less-susceptible tissues. However, the intercellular 
spaces here were much larger than in the younger tissues. Sections were 
also prepared from comparable younger tissues (Vz inch from the tip) of 
the virtually immune C. Franchetii. In these, 20 of the larger spaces in 
the parenchyma chosen more or less at random (by an assistant) averaged 
35 by 82 microns, whereas 20 corresponding spaces in the younger tissues 
of C. pannosa averaged 27 by 53 microns. While it seems to be true in 
general that the larger spaces are in the tiasues traversed by the migrat- 
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ing masses of bacteria (zoogleae) (29), the facts just given indicate that 
the size of intercellular spaces is not a primary controlling factor in 
the movement of the organism in the plant. This view is further sup¬ 
ported by a study in sections of tissues recently invaded by the organism 
(fig. 1). These show, as Baehmann (3) has pointed out, that the spaces 
are readily enlarged in response to the pressure or some other influence 
of the zoogleae. Thus the bacteria may come to occupy almost the en¬ 
tire space formerly occupied by a cell without having invaded the cell. 
Furthermore, in cross sections of invaded stems the spaces actually occu¬ 
pied by the bacterial masses are often much smaller than others nearby 
which are not occupied (29). 

The interesting alignment of the bacterial cells parallel with the line 
of advance reported by Nixon (29) and Haber (12) has been observed 
in our sections, but only in intercellular spaces which are relatively long 
and narrow. Probably this alignment is an instance of the general jjhysi- 
cal phenomenon of orientation due to laminar flow observable when 
rod-shaped particles sxispended in a fluid are passed through a tube of 
small diameter (10). This point is of interest as an additional indication 
that the organism is nonmotile in this phase (29) and merely carried by 
the moving matrix. 

HUMIDITY IN RELATION TO INFECTION 

Although earlier work (7) indicated that the optimum atmospheric hu- 
miflity for infect inn was about 80 per cent, the more recent and exhaus¬ 
tive work of Shaw (38) has shown beyond 7’easonable doubt that an 
atmosphere near saturation is most favorable. This fact is perhaps re¬ 
sponsible in some measure for the seemingly exee.ssive emphasis which 
has been placed upon water as an agent of dissemination (26). 

The results with the different methods of inoculation are no doubt 
related to humidity or desiccation (see also section on age of wounds, 
p. 310). On several occasions, apple and pear trees in both New York and 
('lalifornia were inoculated in wounds of various kinds. These experi¬ 
ments may be sufficiently represented by one made on Bartlett pear near 
Walnut Grove, California, on May 21, 1930. The weather during this 
period was relatively dry. Twenty-five current-season shoots and 25 
branches two to three years old were cut off with pruning shears, each 
cut being preceded by a cut through an active canker. In a third lot. 25 
wounds were made by cutting off the outer bark with a sharp knife; the 
exposed surfaces were then smeared with a water suspension of the 
bacterial exudate. Finally, 25 ragged wounds weie. made by gouging 
into the bark with the point of a knife and inoculated as in the preceding 
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lot. In these four lots, rrapectively 2,2, 0, and 1, infections resulted. Of 
10 shoots inoculated near the tips at the same time by puncturing with 
a needle dipped in the bacterial suspension, 9 became blighted. 

Studies of nectars (ff) and of cultures containing varying concentra¬ 
tions of the sugars found in nectars {41) have shown that the concen¬ 
tration of sugars in the nectar is inversely related to atmospheric 
humidity and very probably limiting to the penetration of the blight 
organism into the plant at low atmospheric humidities. 

Hildebrand has recently concluded {15) that Thomas and Ark {41) 
“probably have exaggerated the importance of nectar dilution by rain 
in bringing about blossom infection, because other openings than those 
foimd in the nectary, and particularly the stigmas, were left out of con¬ 
sideration by them as infection courts,” and that “only in the pear, which 
has an open receptacle, would the desiccating influence of the atmos¬ 
phere be strongly inhibitive.” Several pertinent facts seem to have been 
overlooked in arriving at these conclusions. First, the fluctuations in 
atmospheric humidity rather than direct dilution of the nectar by rain 
is the factor believed to influence greatly the inception of infection; 
second, the concentration of the nectar in the plants with sheltered nec¬ 
taries has been shown to be readily altered by changes in atmospheric 
humidity, although somewhat les.s rapidly than is the case with plants 
having more exposed nectaries (5)*; and third, Pierstorff (SI), working 
in New York in association with one of the present writei's, studied in 
some detail the infection of stigmas and other flower parts of pear and 
apple blossoms as early as 1925 and 1926 and reached the conclusion, 
probably still valid with respect to petals and stigmas, that “under field 
conditions the number of infections resulting from the entrance of bac¬ 
teria through these infection courts is small.” 

After penetration has taken place, the concentration of the sap as 
well as humidity per se {38) may possibly be an important controlling 
factor, although since these are no doubt to a considerable degree in 
inverse relation, the complete separation of these factors does not seem 
possible at present. The osmotic pressure of sap of apple leaves has been 
shown {21) to vary from between 7 and 9 atmospheres at a time of heavy 
rainfall and low temperature to between 20 and 23 in relatively dry 
periods. A similar change in Bartlett pear leaves at Berkeley from 11.7 
atmospheres on April 2 to 24.2 on August 4 has been noted by J. P. Ben¬ 
nett (unpublished). Much wider fluctuations in osmotic values have been 

* In one of onr own tests, apple blossoms on branches kept overnight in an atmos¬ 
phere near saturation yielded nectar with a sugar content of 6 to 7 per cent, while 
blossoms similarly treated except exposed to the laboratory air contained 35 to 44 
per cent sugar. 
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reported for the d«iert plant Larrea tridentata (25), only part of which 
are apparently referable to changes in moisture supply. Apparently 
these agencies are less diarply limiting after infections are well estab¬ 
lished, as evidenced among other things by the “water-soaked” condition 
of the tissues at the margins of active cankers and the plasmolysis of 
cells (3) in early stages of infection. The production of a toxin capable 
of wilting susceptible shoots has been demonstrated (31) for the blight 
organism. Interference with the water retention in plant cells by mate¬ 
rials toxic to the tissues seems to be a rather general phenomenon (18). 

The relation of soil water to blight infection has not been extensively 
studied. In experiments in the greenhouse with potted plants (42), main¬ 
taining the water content of the soil near the wilting point caused a 
striking reduction in the extent of infections. Apple and pear trees 
grown in soil with controlled water content at 40 to 50 per cent of capac¬ 
ity and apparently never allowed to reach the wilting point have been 
shown (37,38) to possess greater resistance than trees grown at 80 to 90 
per cent. In a field experiment at San Jose, several hundred three-year- 
old seedling pear trees were inoculated in the trunks 4 to 6 inches below 
the ground line. The soil was replaced and part of these were irrigated 
within the next 24 hours so that the soil around the points of inoculation 
was wet. This was done in the middle of the dry season, July 16, and the 
number infected was low in both lots, 8 of 100 in the irrigated row’s and 
6 of 50 in the rows not irrigated at that time. 

In small-scale tests, the application of slightly increased vrater pres¬ 
sure to the roots of Cotoncastcr Pranchetii and to the stems of Pyracan- 
tha angustifolia produ<*ed no perceptible change in the resistance of the 
former or the degree of susceptibility of the latter, which blighted to 2.3 
inches from the tips in 4 treated plants and 2.4 inches in 4 control plants. 
The pres.sure on the latter species was obtained by a column of water 8 
feet above soil level and on the former by a somew’hat shorter column. 
Two large potted plants of P. angustifolia were subjected to controlled 
water pressure of 20 and 28 pounds beginning at the time of inoculation 
and continuing for 4 and 5 days respectively, without perceptible in¬ 
crease in susceptibility. A plant of Cotoneaster glaucophylla similarly 
exposed to a pressure of 20 pounds remained immune. There w’as no 
visible “water-soaking” in any of these treated plants. Considerably 
higher water pressures have been shown (20) to increase enormously 
the susceptibility of tobacco and other plants to bacterial pathogenes. In 
view of the relatively high internal pressures which plants seem capable 
of developing (44), perhaps the addition of a few pounds should not be 
expected to produce any marked change. 
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RELATION OF TEMPERATURE TO INFECTION 

Some indirect effects of temperature on fire blight have already been 
pointed out (42). Evidence from many sources indicates that blight in¬ 
fection may be active over a wide range of temperatures but is favored 
by relatively high temperatures. This is well illustrated by the destruc¬ 
tiveness of the disease in the more humid areas of the southern United 
States. On the basis of controlled experiments, the optimum temperature 
has been placed between 70° and 80° F (T"). The optimum teniperature 
for the bacteria in culture seems to be about 83° F (2). There is probably 
no upper limit of temperature under natural conditions. The bacteria in 
blighting shoots to inch in diameter are able to withstand external 
air temperatures of 4 hours at 118° F, or 30 minutes at 140° F (42). On 
the other hand, low temperatures are known to retard or arrest the de¬ 
velopment of infections. In areas with mild winters, direct evidence can 
be seen of temperature as a limiting factor in the enlargement of cankers. 
Those cankers which have entirely girdled the branches are often found 
to advance several inches more during the winter months on the side 
exposed to the .sun than on the opposite side. A relation of low tempera¬ 
tures to initiation of infection is also indicated by i-esults of an experi¬ 
ment in which alternate rows of seedling pear tJ'ees. to 1 Vi inches in 
trunk diameter, were inoculated on the north and south sides of the 
trunks at San Jose, February 19, 1936. On April 7, 15 per cent of 73 
trees inoculated on the north side and 28.5 per cent of 5(5 trees inoculated 
on the south side were infected. 

RELATION OF LIGHT TO JNFE("riOX 

The effect of heavy shading or complete darkness on infc<*tion has been 
briefly reported (42) and, since it was slight, will not be treated in 
detail. The etiolated shoot tips of shaded plants blighted somewhat more 
rapidly, but the sterns developed on the.se plants before the experiment 
began were less affected. Thus, in one experiment with pear seedlings, 
the organism penetrated to or into the preceding growth cycle in 12 of 
20 .shaded plants and 17 of 20 controls in 11 days. 

NUTRITION AND GROWTH STAGE IN RELATION 
TO INFECTION 

The close relation between susceptibility and the vigor of the tree has 
long been a matter of common knowledge. Even though several workers 
(7, 16, 28, 37, 39) in more recent time have presented experimental 
proof, this factor is not always given adequate consideration. 
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The relation of nitrogen supply to infection is readily seen in tests 
with root-bound plants of Pyracantha angustifolia. In one of several 
such experiments, 20 plants in 6-inch pots of poor soil were selected in 
pairs, and one of each pair received ^/4 gram of calcium nitrate. All were 
inoculated at the tip 5 days later, and the length of the blighted part 
measured 13 days after inoculation. The average for those with added 
nitrogen was 5.9 inches (5.0 to 7.2) and for the untreated 2.2 inches (1.5 
to 3.2). In this experiment, all the plants became infected; but in others, 
the number of infections, as well as the rate of extension, was increased 
by addition of nitrogen. Thus plants of the same species w^ere given cal¬ 
cium nitrate in 3 of 6 fiats, each treated flat receiving 2 applications of 
5 grams with an interval of 5 wrecks between. All were inoculated 5 weeks 
after the last applications. Eleven days later, 62.5 i>er cent of 176 plants 
with added nitrogen w^ere blighted, as compared with 40.0 per cent of 
190 plants in the untreated flats. 

That the young, actively growing parts of a plant are in general much 
more sus<*eptible than older parts even only a few^ inches distant, is so 
well known as to hardly require mention (4J3). A few exceptions, how¬ 
ever, seem to have been noted (34), Observations in orchards and on 
several thousand seedling trees inoculated in the trunks at ditferent times 
indicate tliat the bark of the trunks and main branches of pear trees is 
more susceptible at the end of the growing season than in midseason or 
earlier; but this may be due to the higher relative humidities usually 
prevalent in autumn. 

As distinct from the nutrition of the suscept may be mentioned that 
of the pathogene in artificial cultures, wdiich has recently been shown (2) 
to increase or decrea.se the virulence of the organism according, among 
other things, to the concentration of sugars in the medium. 

It has also been suggested that arbiitin {31) and asparagin (^), which 
are utilized by the organism in cultures and believed to be present in the 
actively growing parts of the pear or a]>ple {24, 28, 43). may bear some 
relation to susceptibility. With arbutin in mind, inoculations w-ere made 
(at Ithaca, New’ York) on shoots, fruits, and leaves of the following, at 
least some of which are considered to be rich in arbutin : Arctosiaphylos 
Uva-ursi, Epigata repens, Gaulthcria procumhens, Vaccinni^n vacillans. 
No infection follow’ed. 

In the case of asparagin, Ark (.2) has already reported that additions 
of this compound to the inoculum or injection into the plant seemed to 
accelerate infection in comparatively resistant tissues. More recently, 
inoculations have been made on 12 species of rosaceous jflants wdth and 
without asparagin added 1o the inoculum (a water suspension or, in one 
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case, beef-pep tone broth). There was a small but consistent increase in 
the extent of disease in plants which are susceptible under ordinary con¬ 
ditions. For example, 20 paired shoots of Pyracantha angustifoUa were 
inoculated, half of them with asparagin added to the inoculum. The latter 
averaged 2.22 inches in length of blighted shoot after 14 days while the 
controls averaged 1.65 inches. The presence of asparagin did not induce 
susceptibility in plants which are ordinarily immune or nearly so, such 
as Cotoneaster Franchetii, C. glaueophylla, C. Harroviana, C. lactea, and 
Rosa Soulieana. 

WOUNDS AND WOUND REACTIONS IN RELATION 
TO INFECTION 

Wounds are of interest, not only as portals of entry of the organism into 
the plant, but for the further reason that the margins of infected areas 
seem to be in certain ways comparable to those of wounds caused by other 
agencies. Moreover, wounds which interfere with the movement of nu¬ 
trients may alter the susceptibility of adjacent tissues. 

Girdling .—In mid-June 1930, 184 Yellow Newtown apple trees were 
girdled on the upper trunks by the Department of Pomologj’’ of Cornell 
University at Ithaca, New York. This was done by cutting through the 
bark to the wood without removing any of the bark. Of these trees, 64 
developed blight starting at the ring; 81 per cent of the cankers extended 
farther above than below the ring, and 65 per cent were limited to the 
bark above the ring. Only 7 per cent of the cankers were entirely below 
the ring. A similar observation from the same orchard has recently been 
reported {16). 

In the case just cited, inoculation may have been effected at the time 
of girdling or, as seemed more likely, within the next few days (by in¬ 
sects). An experiment was therefore devised to test the effect of girdling 
when the inoculum was applied at the time of wounding. For this pur¬ 
pose, several score of seedling pear trees were partially girdled at San 
Jose in June, 1935, by cutting through the bark around one-fifth to one- 
third of the circumference of the trunk. A roll of cheesecloth was clamped 
to the back and sides of the knife used in making the cuts and this was 
kept moist with the inoculum. Thirty-seven infections were found 6 
weeks later; 73 per cent of these extended farther above than below the 
ring while 24 per cent were larger below the ring. The average length of 
the cankers was 3.27 inches above the ring and 1.75 inches below. 

Several experiments in some respects related to the girdling of stems 
were made on potted plants of Pyracantha and Cotonea.ster in the green¬ 
house. In these, 2 to 4 inches below the points of inoculation (tips of 
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shoots), wounds were made by puncturing the stem once or twice with a 
fine needle, by constriction with rubber bands, or by abrading the sur¬ 
face with powdered carborundum. It was assumed that these treatments 
would not greatly interfere with translocation but might cause the 
neighboring tissues to develop some substance unfavorable to the passage 
of the blight organism. The effects of such wounds were slight. The length 
of blighted part was somewhat greater on wounded shoots than on com¬ 
parable control shoots in three of four experiments but not significantly 
so in any one of them. In a total of 72 wounded shoots of which 64 became 
infected in seven tests, the infection stopped at the points of wounding 
in 13 but advanced beyond these points in 29 others. 


TABLE 1 

Relation or Defoliation to Infection in Shoots 
or Ptracantha Angustifolia 



Interval from 


Number 

Average length 
of blighted 

ExrK*rimont 

defoliation to 

Treatment 

of 

inoculation 


plantA 

part 


dayt 



inches 

1 


/ Defoliated 

8 

5 00 

7 

\ Cent role 

H 

8 50 



f Defoliated 

6 

0 45 


0 

1 C'ontroU 

6 

3 95 



/ Defoliated 

10 

2 30 

3 

3 

1 ('ontrolfl 

10 

3 75 


Removal of Growing Points. —To del ermine whether the growing tips 
of shoots have any important influence on infection, a single experiment 
was made in which 10 plants of Pyracantha angustifolia were inoculated 
about lt/4 inches below the tips, and the tips of 5 were cut off at the 
same time. All became infected, and after 10 days the average length of 
blighted shoot wa.s 3.2 for the treated and 3.4 inches for the control 
plants. 

Defoliation .—In blight-control work the infections which are over¬ 
looked, e.specially near the distal ends of heavily pruned branches, often 
seem to be retarded for some time afterward. The ease (J) may be cited 
here of an orchard in Lake County in which the trees were severely af¬ 
fected by blight in the spring of 1934. A number of these trees were 
almost completely defoliated in April, 1934, by heading back many of 
the main branches and cutting off most of the spurs and small branches. 
Several competent observers agreed that the development of infections 
on these trees was stopped distinctly earlier than on similarly infected 
trees in the same orchard on which the cutting was much less drastic. 
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These and other observations prompted several experiments (in the 
greenhouse) designed to test more specifically the relation of defoliation 
to infection. In the first of those represented in table 1, all of the leaves 
were removed from the treated plants. This resulted in so obvious a 
decline in the plants that in the two later experiments the leaves were 
removed from the upper half of the stem only. All the plants became in¬ 
fected except 3 defoliated in experiment 2. The plants of this test were 
root-bound and in rather low vigor, which no doubt accounts in some 
measure for the greater difference between treated and control plants in 
this experiment. 

TABLE 2 

Relation or Age or Wounds and Humidity* to Intection 
IN Shoots or Pteacantha ANOusTiroi.iA 


Experiment 

Age of 
wounds 

Number of 
shoots 

Numhei of 
infections 


hours 




1 

5 

0 


1 0 

A 

5 

2 

f 6 

15 

3 


1 0 

15 

13 


f f> 

15 

» 

cl 

t 0 

! 

10 


/ <> 

15 

s 

4 

1 ^ 

15 

H 


• See text» below. 


Wounds of Different Ages as Infection Courts .—Previous work (7, 
43) has shown that wounds in leaves and stems of the apple and the roots 
of pear trees become closed to invasion by the blight organism within 72 
hours. Some additional experiments with shoots of Pyracantha angusti- 
folia are summarized in table 2. The shoots were wounded by single 
needle punctures near the tips, and the bacteria were applied to the 
wounds in water suspension with a camel’s-hair brush immediately after 
the last wounds were made in each experiment. The plants of the first 
and second experiments were kept in the greenhouse throughout; those 
of the third were kept in a moist chamber for 4 days beginning just after 
inoculation, so that the first set of wounds were exposed to dry air for 6 
hours before inoculation; and those of the fourth for 5 days beginning 
when the first plants of this ejtperiment were wounded. The results indi¬ 
cate that wounds became xmfavorable to infection more quickly than has 
been supposed and that humidity is important but perhaps not the only 
cause of the differences shown in the table. 
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Direct tests were made on sections of bark adjacent to wounds of dif¬ 
ferent ages for the presence of gums, pentosans, suberin, and other sub¬ 
stances, chiefly by the methods outlined by Rawlins (33). The reagents 
used most extensively were oreinol, phloroglucinol, and Sudan IV. The 
wounds were made by cutting longitudinal slits in the bark of growing 



Fig.2.—The formation of a cicatrice in 
blighted pear bark beyond the margin of 
the dead bark. 


shoots. At least IG species of plants in the genera Coiomastvr, Brio- 
boirya^ Photinia^ Pyracemtha, and Pynis were used. These provided a 
range from high!}" susceptible to completely immune individuals. 

There was no evidence of a relation between susceptibility and any of 
the staining reactions which were tested. For example, the apple {Pyrus 
malus) and pear (Pynis Kaivakamii), which are susceptible, gave a 
suberin reaction on the third day from the time of Avouiiding and so did 
Cotoneastcr Francheiii and C. Harroviana which are virtually immune. 
The susceptible loquat (Eriobotrya japonioa) gave no positive reaction 
within 5 days with any of the three reagents mentioned above. 
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Occasionally among seedlings of the Surprise pear there appear indi¬ 
viduals with thick, corky bark on parts only two or three years old. One 
such tree was propagated and later inoculated in the greenhouse. This 
did not seem to be more resistant than the average pear seedling. 

That some factor other than the suberin which eventually appears in 
the cicatrice, probably operates to arrest the advance of the infection, is 
suggested by the fact that the cicatrice seems to form after the advance 
has stopped, at least temporarily, and frequently at some distance be¬ 
yond the apparent margin of the infection (fig. 2). Shaw {37) has shown, 
however, that the cicatrice does oppose a barrier to the renewal of ad¬ 
vance from an arrested infection. 

POSSIBLE INHIBITORY SUBSTANCES IN THE PLANT 

Mature fruits of pear and apple are much more resistant to blight infec¬ 
tion than young fruits of the same variety. Elmer {9) has shown that 
ripe apple fruits in a closed container give off a volatile substance capable 
of inhibiting the growth of potato shoots. With these facts in mind, four 
tests w’ere made with ripe apple and one with pear fruit in which slices 
of the fruit were placed inside the covers of inverted petri-dish cultures 
of the blight organism. These were incubated at 25° and 28° C. The or¬ 
ganism grew vigorously in all such cultures and apparently fully as well 
as in control cultures. 

A partial parallel between susceptibility and the anthocyanin pigment 
in the hark of pear seedlings has been reported ( iO). Further tests were 
made bearing on this problem with the lots of hybrid Pyracavtha seed¬ 
lings treated in the succeeding section of this paper. In two of these lots, 
20, and in the third, 25, seedlings were selected showing the most pro¬ 
nounced red pigment which could be found, and a like number in each 
lot showing the least red pigment. The numbers of infections in the first 
lot were 6 red and 11 green, but the corresponding figures for the other 
two lots were 14 red to 12 green and 14 red to 8 green. There was no 
marked difference in average extent of the infections between the two 
groups in any of these tests. The last two tests were made in a heated 
greenhouse near midwinter. The red-stemmed plants were not strongly 
pigmented under these conditions and seemed to be somew'hat more vig¬ 
orous than the green plants. 

In a further test with pear, shoots from the stocks of older orchard 
trees were selected in contrasting groups according to the amount of red 
pigment in the bark at the time of collection. These were bench-grafted 
on seedling roots, grown in the field for two seasons, and inoculated at 
the tips of shoots in the spring of the third season. The contrast in color 
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did not i>ersist under these conditions and the 39 surviving plants se¬ 
lected as “red” blighted quite as readily (69 per cent) as the correspond¬ 
ing 35 “green” plants (60 per cent) blighted. Probably the red pigment 
is related to blight resistance only in so far as it is associated with un¬ 
favorable growth conditions of the plants or in some other indirect way. 

The toxicity of phenolic substances to bacteria in general is well 
known, and several of them have been tested against the fire-blight or¬ 
ganism. The following are toxic to the organism in the concentrations in¬ 
dicated : hexylresorcinol 1:10*, hydroquinone 1:10*, pyrocatheehin 1:10*, 
quinine sulfate 1 ;6 x 10*, thymol 1:10”, cadmium salicylate 1:10*, stron¬ 
tium salicylate 1:10*. Hydroquinone is known in rosaceous plants {43), 
as in many others, but the relative amounts in different species do not 
seem to have been studied in detail. 

Various materials of some interest in this connection have been used 
from time to time, either as drenches on blight cankers in pear orchards 
or as sprays on inoculated seedling trees. Lithium, methyl, and sodium 
salicylates when applied to the surfaces of active cankers in different 
solvents, consisting principally of alcohol and glycerine, had a defi¬ 
nitely depressing effect on the progress of infection during periods of 
high temperatures. No such effect was clearly apparent in similar but 
small-scale tests with hydroquinone, pyrocatechin, and tannic acid, al¬ 
though there was some suggestion of it with the first of these. 

Solutions in water of sodium salicylate (0.2 and 1.0 per cent), hydro¬ 
quinone (1.0 per cent with 4.6 per cent glycerine), and glycerine (5 per 
cent) were each sprayed on several hundred seedling pear trees 4 days 
after these had been inoculated. Twenty days after inoculation, the 
average length of the blighted part in inches for 100 trees for each treat¬ 
ment in 6 consecutive rows was: control, 6.3; sodium salicylate 1 per cent, 
5.3; sodium salicylate 0.2 per cent, 5.4; hydroquinone plus glycerine, 
4.4; glycerine, 5.8; control, 6.8. 

The question is sometimes raised as to whether a coating of bordeaux 
mixture or other spray material has any effect on the resistance of the 
sprayed plant. In two experiments of 12 and 24 paired plants of Pyra- 
cantha angustifolia, half were sprayed with bordeaux mixture 1-1-50 in 
the greenhouse and all were inoculated at the tips when new growth had 
appeared above the sprayed parts (about 3 weeks after spraying). In 
one of these experiments the plants were cut back and inoculated a sec¬ 
ond time 9 weeks after spraying. In all three inoculations the blight was 
slightly greater on unsprayed plants but not significantlj’^ so. 

A similar test was made later on 46 paired plants of Cotoneaster pan- 
nosa. Aga in the blight w'as somewhat more active in unsprayed plants. 
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but the difference was even less than in the preceding tests, the average 
length of blighted part being 2.44 inches for sprayed plants and 2.63 for 
the controls. 

Probably, with trees in the orchard, the difference in susceptibility 
due to spraying is slight if measurable at all. 

INHERENT RESISTANCE 

As far as is known, all the plants outside the rose family and many 
within it possess either a natural immunity to or a capacity to escape 
fire-blight infection. Even though all the genera in the subfamily 
Pomoideae {42) and some genera in aU the other subfamilies contain 
susceptible plants, there are species or individuals in most of the genera, 
including Pyrus, which are highly resistant or immune. Resistance in 
the pear species and varieties has been of interest to many workers and 
has been studied extensively by Reimer {34). 

Since many resistant root or intermediate stocks are now in use in 
pear orchards, the question sometimes arises as to whether these affect 
the susceptibility of the top varieties grown on them. The extensive plant¬ 
ing of the highly resistant Old Home variety as an intermediate stock, 
usually on susceptible seedling roots, has provided abundant material 
for observation on this point. There is no evidence, however, of any 
change in the susceptibility of the top variety or of tlie roots, even, in 
the latter case, when the Old Home top is allov'ed to grow. Likewise 
when Cotoneaster Franchetii top (nearly immune) was grown on .seed¬ 
ling pear stem and root in pots, the inherent susceptibility of the pear 
appeared to be unchanged up to more than one year from the time of 
grafting. 

Seedlings of Pyrns communis vary w’idely in sus(!eptil)ility to blight as 
in many other characters. This is illustrated by an experiment in which 
500 seedlings from an Old Home x Parmingdale cross were planted at 
San Jose beside a like number of seedlings from trees of Winter Nelis 
and Beurre Hardy which had been exposed to Bartlett pollen. The varie¬ 
ties Old Home and Parmingdale are both highly resistant {34) although 
generally considered to be entirely of P. communis origin. Winter Nelis 
is among the more resistant of the commonly cultivated varieties, 
whereas Beurre Hardy is distinctly more susceptible, at least as to the 
extent of infections once established. The above seedlings were inocu¬ 
lated at the tips in April of the same year in which they were planted, 
with the results, as recorded 2 weeks later, shown in table 3. Although a 
few of the Old Home x Parmingdale seedlings were later killed entirely 
by blight, the difference in resistance between this lot and the other two 
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appeared to be greater after subsequent inoculations than is indicated 
by the table. 

Something over 10,000 seedlings of Beurre Hardy and about 35,000 
seedlings of Winter Nelis similar to those mentioned above have been 
grown for six years at San Jose with several inoculations each season. 
More than 5,000 of these have survived. It is not possible to state what 
part of this survival is due to inherent resistance and what part to crowd¬ 
ing, dry weather, and other factors unfavorable to infection. However, 
the fact that a considerable number of the most vigorous trees in the 
planting have failed to develop appreciable if any infection suggests 

TABLE 3 

8t'S<'El*TIBILITY OF PEAR SEEDLINGS OF DIFFERENT PARf!NTAGE 



Pror>ortion 

infected 

Length of hhghted part 

So\w<*c‘ of 

Niiinlier treew 

Per cent 

1 

Nuiiiher 

Average 


examined 

hlighte<i 

examined 

length 




1 

iNc/ies 

Old Uoiuo Faiiini»«dul<' 

490 

1C h 

1 100 

1 70 



4C 0 

1 200 

2 32 


500 

45 0 

1 200 

2 71 


tlial some of them are possessed of a hi^h dojyree of inherent resistance. 
Reimer (o’.i) lias reported the oeenrrenee of two hijrhly resistant indi¬ 
viduals out of 2*^0 and 50 out of 704 in two lots of Pgrus communis 
seedlinjrs. 

The wide variability in any <rroup of seedlings of i)ear or apple renders 
this material highly unsatisfactory for observations on the relation of 
inheritance to blif^ht resistance. For this reason, tests were made with 
the prof>'eny of a cross between Pi/racantha angustifolia and P. Gihhsii 
var. ynnnancnsis. The former is hiprhly susceptible to bli^^:llt and re¬ 
markably uniform from seed. The latter is relatively resistant to blight, 
and while the seedlings vary appreciably, only an occasional plant is 
sliarply different from its mates. The four plants which survived in the 
first generation from this cross were virtually identical in appearance 
and very similar to the seed parent P. ancntt^Hfolui, in this respect re¬ 
sembling the recently reported behavior of pear hybrids {19). In resist¬ 
ance these were also very similar to each other but very near the pollen 
parent—ilirectly opposed to the condition reported for pear {19), 

Lots of seedlings were growui in pots to a suitable size for inoculation 
from three of the F'j individuals\ These lots are designated as hybrids 

’ Pollination of those was not controlled. It was assumed on the basis of behavior 
of the parents that cross pollination was not likely to occur. 
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1, 2, and 3. At the time of inoculation, each lot was divided into four 
groups A, B, C, and D, including on one extreme (group A) the plants 
most resembling Pyracantha angustifolia in leaf characters and on the 
other (group D) those most like the other parent, with two intermediate 
groups between. Parallel with the inoculation of hybrid 2, inoculations 
were also made on shoots of the parent species (table 4). The results are 

TABLE 4 

ijiWECTroN or E, Seedunos of a Cboss between Pyracantha Anoostifoua 
AND P. Gibbsii Yonnanbnsis Obooped in Relation to 

RSSElfBLANCE TO THE PARENTS 


Plant 

Group 

Number of 
plants 

Number 

blighted 

Length of 
blighted pai 





inches 


1 

A 

20 

7 

2.1 

Hybrid 1 


1 B 

20 

r> 

2 5 




20 

12 

1 6 




20 

10 

2 4 



f A 

25 

9 

1 3 

Hybrid 2 


1 B 

25 

7 

0 8 


1 

1 ^ 

25 

13 

1 9 


1 

i D 

25 

n 

1 8 


1 

^ A 

20 

14 

1,8 

Hybrid 3 

J 

B 

20 

11 

1 8 


j 

i ^ 

20 

12 

1 9 


1 

i 

20 

14 

1 7 

Pyracantha anguBh/olia . .. 


, 25 

25 

3 7 

P. Gibbeii var. yunnanensis . 


26* 

0 



• Twenty-five ehoots on 7 large potted plante. In all othens. onl>' one inrKMjlation per plant wa« made 


fairly representative for P. angustifolia but are rather extreme for P. 
Gibisii var. yunnanensis, which not infrequently blights for an inch 
or so at the tips of growing shoots after inoculation. As may be seen in 
the table, there is actually more blight in the C and D groups than in 
groups A and B. This seemed to be due to a somewhat lower state of vigor 
in the latter under the conditions of the tests; probably the differences 
are not otherwise significant. The results thus far suggest that resistance 
in this cross is at least partially dominant and, as in the pear (40), that 
resistance is not associated with any of the readily observable morpho¬ 
logical characters. 
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DISCUSSION 

In the present state of our knowledge of disease resistance in plants, any 
discussion of this subject must come to rest on incomplete foundations. 
Nevertheless, since resistance is at the core of many problems in plant 
pathology, it may be worth while to consider those facts, even though 
fragmentary, that seem to bear some definite relation to this phenome¬ 
non. There is available, at any rate, sufficient evidence to indicate that 
resistance in plants is not due to a common cause but may be due, even in 
a single disease, to several distinct causes (ii). 

There is some evidence to support the concept that resistance to the 
initiation of fire-blight infection through wounds is due to factors dif¬ 
ferent in some way from those which terminate the course of infection. 
For example, in certain of the experiments reported in this paper, the 
proportion of plants infected may be distinctly different in two groups, 
while the average extent of the infections is essentially the same. This 
view is further supported by the apparent capacity of the blight organ¬ 
ism, once established in the plant, to alter markedly the physiological 
processes of the invaded tissues, evidenced among other ways by the 
early piasmolysis of cells (.5) and by the “water-soaking” of the bark, 
presumably due to the release of water into the intercellular spaces. 

That there is some relation between susceptibility and the nitrogen 
content of the tissues is indicated by the relatively greater susceptibility 
and apparently greater nitrogen content in j’^oung, actively growing 
parts than in older parts of the same plant, in etiolated shoots than in 
shoots exposed to light {23), in plants w'ith ample water supply than in 
plants with low water {22), in the tissues immediately above the point 
of ringing than in those below the ring {13), and in plants with added 
nitrogen than in plants without such additions. 

If nitrogen per se is a determining factor, it would seem to be in the 
form of some particular compound or group of compounds rather than 
as total nitrogen. In spring when growth is active and susceptibility 
high, the amino nitrogen in pear bark is relatively high as compared 
with the basic forms, whereas during the dormant season, the reverse is 
true {27). Furthermore, defoliation, which is followed by an increase 
in percentage of total nitrogen in apple shoots {13,32), causes a reduc¬ 
tion in susceptibility. 

The vigorous growth of the pathogene in many and varied nonliving 
media, as well as in more t han 125 species of rosaceous plants, suggests, 
however, that resistance is not due primarily to lack of nutrients in the 
plant but rather to the presence therein of some substance or substances 
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in quality or concentration deterrent to the pathogene. In additional sup¬ 
port of this view may be cited the failure of nutrients added with the 
inoculu m to increase infection to any considerable degree in susceptible 
plants or to break down the high resistance or immunity in other closely 
related plants. The fact, noted by many workers, that the organism dies 
out rather quickly in blighted bark may also be considered as evidence 
bearing on this point. 

Specific evidence has been presented {37) indicating that an arrested 
infection in the apple is usually held in check (prevented from revival) 
thereafter by the formation of a cicatrice at or near the margin of the 
infection. Such barriers are, however, relatively slow in formation and 
seem to appear only after the advance has been retarded or stopped by 
other means. The failure in this work to find evidence of subcrin in 
wounded tissues until long after these have become closed to invasion by 
the blight organism suggests also that substances other than subcrin arc 
involved in preventing entrance through wounds. These, liowever, may 
be precursors of suberiu or related compounds. 

El-Sawy has shown* that wounding causes increases in reducing sub¬ 
stances of up to more than 50 per cent near the wounds in i)ear bark, and 
it is perhaps po.ssible that these reach sufficient concentration to inhibit 
the organism under certain conditions. But (juautitative determinutions 
of these substances in the tissues immediately adjacent to wounds <lo not 
seem to have been made. 


SUMMARY 

Observations on the histology of the shoots of resistant and susceptible 
plants in general support those of earlier workers indicating that the 
size of intercellular spaces is a minor factor in determining the coui’se 
of infection. 

The tissues known to have a high nitrogen content are in general 
more susceptible than the nearest comparable tissues of lower nitrogen 
content. 

The evidence suggests that the concentration of solutes in the nectar 
and perhaps also in the plant sap as affected by atmospheric humidity is 
of importance in the penetration of the organism into the plant and in 
the subsequent development of infection. 

On the trunks of girdled pear and apple trees, the bark immediately 
above the point of girdling is more susceptible than that immediately 
below. 

• El-Sawy, Abbas II. Some effects of wounding on respiration and food reserves in 
the pear tree (Pprus communis). Typewritten thesis. University of California. 
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Slight wounds 2 to 4 inches below the points of inoculation of suscep¬ 
tible shoots did not cause any marked change in the development of 
infection. 

Tests for gums and suberins failed to detect these substances at the 
margins of wounds until after the period during wliich the wounds 
would be susceptible to invasion. 

Etiolation has a relatively slight influence on infection, w'hile defolia¬ 
tion definitely reduced susceptibility. 

In the progeny of a hybrid of Pyracantha anguntifolia and P. Gibhaii 
var. yunnanensis, resistance seemed to be at least partially dominant. In 
the Pj generation there was no observed relation between susceptibility 
and resemblance to the parents. 
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THE USE OF CHEMICAL DATA IN THE 
PROGNOSIS OP PHOSPHATE 
DEFICIENCY IN SOILS’ ^ 

JOHN S. BUBD» AND II. F. MURPHY* 


LACK OF CORIIELATION BETWEEN PI.ANT GROWTH 
AND ACID-EXTRACTABLE PHOSPHATE 

SoUj chemists have long I'eeognized that there is a certain rationale in 
extracting soils with acids to determine the capacity of soil particles for 
releasing ions to the plant. Unfortunately, attempts to correlate the 
actual amounts of given ions released by acids in the laboratory with the 
amounts of such ions absorbed by plants have not been highly successful. 

Two general types of explanation might account for the disci'exiancy. 
The first of these is that, although the release of H ion to the soil by 
plants and microorganisms is always quantitatively important, the plant 
can, by absorbing from the liquid phase, shift the equilibrium between 
the liquid and solid phase without a material change in the II ion concen¬ 
tration of the system. Ions thus released independently of evolution of 
acid by the plant become a part of the soil solution and can be absorbed 
by the jilant. IVIoreover, H. denny*' has sliown that the merging of the 
swarm of ions in the electrical double layer of the soil i)ai*tiele with a 
similar system at the root-hair surface, is sufficient to cause the removal 
of an exchangeable cation from the soil to the root hair and that there is 
no nece.ssity for postulating the presence of a discrete iiitcrveiiiiig layer 

* Hcci'ived for publication June 15, 1958. 

- This paper was written by the senior author and is based upon experiments formu¬ 
lated in conference by both authors. The cxi)eriinental work was performed by the 
junior author. 

«Professor of Plant Nutrition, University of California. 

* Graduate student, University of California 1930-31 and 1937-38; now Associate 
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of soil solution or the excretion of acids by the plant to account for acqui* 
sition of such ions by plants. We suggest that this type of exchange could 
also take place if the soil particles and root-hair surfaces carry mutually 
exchangeable anions. That such exchanges may occur, but to widely var^'- 
ing degrees, in practically all soils is extremely probable. Such exchanges 
could dominate in soils whose colloidal particles approach saturation 
for particular ions and are in contact with kinds of root surfaces which 
are likewise highly saturated with ions of appropriate sign of charge 
(_1_ or—). This latter condition might be met by some kinds of plant 
root surfaces and not by others; thus the superior acquisitive power of 
certain plants for certain ions (for example, rye for phosphate) might 
be accounted for. 

The second type of causes of failure to obtain correlations between 
acid extractions and growth or absorption (on the part of the plant) is 
largely of a technical character. 

Several causes are rather obvious. Thus, the larger amounts of acid solu¬ 
tions necessarily used in the laboratory treatments exceed the buffering 
capacity of the soil; they produce greater shifts in H ion concentration, 
and dissolve larger amounts of a given ion—for example, phosphate— 
than would be likely to dissolve in the field. Moreover, the relative 
amounts of a given ion extracted from different soils by acid vary with 
the amounts of acid used and with the magnitude of the shift in 11 ion 
in the equilibrium solutions produced by equal amounts of acid. 

A good illustration of this is afforded by data previously reported from 
this laboratory (8) :*Two soils of similar physical properties and approxi¬ 
mately equal pH were treated with varied amounts of acid and the soils 
subjected to displacement in the manner usual in this laboratory (i). 
When the amount of acid was theoretically equivalent to 1/24 N, the first 
soil shifted the pH of the displaced solution to 5.9, the second to 6.6. The 
amounts of phosphate brought into solution were 29.5 mg and 5,0 mg 
respectively, a ratio of 6 to 1. 

In a comparative experiment with acid applications equivalent to 
4/24 N, the first soil shifted the pH of the displaced solution to 4.5, the 
second to 6.2; and the amounts of PO* were 67.6 mg and 6.0 mg respec¬ 
tively, a ratio of 11 to 1. 

Again, using the same data, if the results are studied on the basis of the 
shift in pH instead of amount of added acid, at pH 6.5 the amounts of 
PO4 brought into solution were 11.0 mg and 6.0 mg, respectively, or a 
ratio of about 2 to 1. At pH 5.5, the amounts of PO« were 55.0 mg and 
3,0 mg respectively (an actual decline from that at pH 6.5), or a ratio 

® Italic numbers in parentheses refer to “Literature Cited” at the end of this paper. 
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of 18 to 1. Thus, if the figures are used to show the relative differences in 
supplying power of the two soils, the relation would be: 

^ 6 to 1 for small amounts of aeid 
^ 11 to 1 for larger amounts of acid 
or 

( 2 to 1 for one increment of shift in pH 
118 to 1 for another increment of shift in pH 

These discrepancies are due to the fact that the aeid comes in contact 
with different kinds of particles, and ions released by one kind of par¬ 
ticle or compound become subject to secondary reactions. In the field, on 
the other hand, individual root hairs may influence solution from indi¬ 
vidual particles and the plant can remove dissolved substances before 
they have opportunity to react with other types of soil particles, or com¬ 
pounds, or with the free ions in the soil solution. This is also well illus¬ 
trated by the work referred to above. Thus, it was shown that one of the 
effects of increasing acidity in a series of equilibrium treatments is to 
dissolve calitium or other ions, which in turn precipitate phosphate. Thus 
the phosphate figures so obtained do not reflect the magnitude of the 
effect of acid produced by H ion at the interphase boundary between a 
single particle and a root hair. 

The effects of the type of secondary reactions (chemical and mass- 
action effects) just referred to, are now’ generally recognized and must, 
of course, be taken into account in interpreting data derived from the 
acid treatment of soil. It would, however, be unsafe and even absurd to 
conclude that this type of secondary reaction (precipitation) is the ex¬ 
clusive cause of the removal of phosphate from acid extracts. Many 
workers^ have observed that various soil and colloidal clay minerals have 
great capacity to remove PO* from solutions and have ascribed this to 
an adsorption. Some of the data reported are. unfortunately, subject to 
the criticism that release of Ca ion by exchange with H ion could have 
caused the precipitation of phosphate and thus vitiated the conclusion 
that the effect is an adsorption phenomenon. 

A notable attempt to ehicidate the role of adsorption in phosphate 
fixation w’as that of Russell and Prescott (7). These investigators were 
unfortunate in that their experiments were performed at a time when 
the importance of the secondary chemical reactions discussed above 
were not generally recognized. Moreover, their conclusions were largely 
based on adsorption isotherms conforming to the Premidlich equation. 
Comber (2) pointed out the possibility of chemical reactions, and Fisher 
(3) showed the inadequacy of conformity to the Freundlich equation 

’ See the bibliography in Murphy (S). 
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as the exclusive test of an adsorption. These criticisms of the conclusions 
from the particular experiments are, of course, valid, but they do not 
prove that adsorption may not have played a part in determining the 
actual experimental results. Whether complexes capable of adsorbing 
phosphate were present in substantial amounts in these particular soils 
is perhaps of no general interest at this late date. The point is that an 
overemphasis of the role of secondary chemical reactions, important as 
these are in many soil types, has prejudiced the interpretation of data 
from experiments with phosphate in which the secondary reactions may 
have been caused by adsorption or exchange. 

Murphy (5), in the accompanying paper, shows that a certain soil 
(Aiken clay loam), in which the colloidal clay component was largely of 
the kaolinitic type (as shown by X-ray dilfraction photographs), reacted 
under experiment in the same manner as would have been expected from 
the studies of finely ground kaolinite carried on concurrently. In experi¬ 
ments with kaolinite, the material manifested the usual properties of 
colloidal alumino-silicates characterized by a low silica: alumina ratio. 
The kaolinite removed cations (K) most effectively from alkaline solu¬ 
tions and anions (P() 4 ) from acid solutions. The absence of ions capable 
of precipitating PO 4 precludes any other explanation than that of an 
adsorption. The similar behavior of the soil definitely points to its natural 
kaolinite component and to an adsorption reaction as the cau.se of the 
negligible amounts of phosphate removed from the soil by acid. Crops 
planted on the soil manifest all the symptoms of phosphate deficiency 
and the soil is practicall}"^ immune to phosphate fertilization except when 
the applications are beyond economic possibility or where tlie fertilizer 
is localized in immediate contact with the absorbing roots. Phosphate 
adsorbed by this soil (and by the kaolinite) is not brought into solution 
except to a negligible extent by acid until the amount of acid is sufficient 
to shift the reaction of the equilibrium solution to about pll 1.0 when the 
aluminum silicates are breaking down, as demonstrated by the copious 
solution of Al and the release of soluble and colloidal SiO^. 

The paper in which these results are reported (5) also demonstrates a 
substantial phosphate-adsorbing capacity for other types of clay min¬ 
erals (Volclay and bentonite). The much greater adsorbing capacity of 
kaolinite depends on its being finely ground. Even when finely ground, 
however, the kaolinite particles are probably much coarser than the par¬ 
ticles of Volclay and bentonite as shown by the physical properties of 
liquid mixtures, ease of filtration, etc. The clays with high silica: alumina 
ratio are highly dispersed in water and are probably in a ve’’y fine state 
of subdivision in most soils. The kaolinite in natural soils (6) appears to 
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vary more in particle size than other clay minerals, and phosphate- 
adsorbing capacity of kaolinitic soils must therefore vary widely, even 
between soils of equal kaolinite content. 

It is obviously impossible to devise a technique yielding index figures 
that can be applied with exactness to express the acid solubility of phos¬ 
phate from the individual phosphate-carrying particles of the soil. With 
the vast majority of arable soils, a variable proportion of the phosphate 
rendered labile (dissolved) by acid is precipitated or adsorbed. Fairly 
good correlations between acid-soluble phosphate of soils and the phos¬ 
phate-fertilizer requirement of plants are sometimes claimed. Such cor¬ 
relations must, however, be limited to slightly buffered soils, containing 
only small amounts of adsorbing clay minerals or clay minerals of low 
specific adsorbing capacity or clay minerals which are nearly saturated 
with phosphate. 

The preceding discussion of data on or conclusions from acid extrac¬ 
tions of soils concerned equilibrium extractions with “strong” acid 
(HCl). Many suppose, however, that the use of “weak” acids remedies 
some of the defects pointed out above. 

The use of buffered acids, of course, prevents the rise of II ion concen¬ 
tration in the equilibrium solution and eliminates the secondary chemical 
precipitations, which tend to lower the phosphate figures actually ob¬ 
tained by use of unbuffered acid. In the field, however, the H ion con¬ 
centration abf>ut an individual pho.sphate-earrying particle would rise 
greatly or little, as a i-esult of CO. excretion by the plant, according to 
the distance of the particles of potentially soluble neutralizers, such as 
C^aCO;, or Ca-clays, from the phosphate-carrying particle. Thus, if the 
neutralizing power of a given soil is primarily due to CaCOs, the amount 
of phosphate in solution at any one time in the field, as a result of acid 
excretion by plants, would depend upon the size and distribution of the 
(^aCO^ j)articles. In the laboratory at equilibrium, however, the i>hos- 
phat e dissolved by acid would be primarily a function of the total amount 
of CaCO;,. 

Perhaps the most unfortunate occurrence in the history of soil-pho.s- 
phate investigation was the choice of citric acid as a solvent. Dilute solu¬ 
tions of citric acid do not dissolve phosi)hate from the adsorption com¬ 
plex of soils: the citrate anion displaces phosphate from the adsorption 
complex. 

But the plant cannot do this unless it excretes citrate ion, OH ion, 
or some other ion which is highly adsorbed by the clay complex, or by 
hydrogels when these are involved. Possibly some plants excrete enough 
organic acids containing anions which are strongly adsorbed. This spe- 



EUgardia 


[V<».lB,No.6 


ses 

cial ability could account for a relatively greater power of such plants 
to acquire phosphate from a given adsorption complex. Even if some 
plants could be shown to do this to a considerable degree, even if the con¬ 
tact phenomenon emphasized by Jenny is accepted in toio, it is certain 
that plants in general acquire adsorbed phosphate with great difBeulty 
unless the individual particles are highly saturated (P) and the number 
of such particles is great. 

We hesitate to use the term “availability,” but in the sense in which 
this term is commonly applied, the phosphate contained in clay minerals 
is only slightly available,* while that removed by dissolving phosphates 
is extremely available, unless prevented from dissolving by a high buffer 
power on the part of the soil. 

Thus, two soils extracted with citric acid could give equal and rela¬ 
tively large amounts of phosphate (as compared with the great majority 
of soils), and yet be very different in phosphate-fertilizer requirements. 
If in one soil, the phosphate in the citric-acid extract were actually de¬ 
rived from solution of phosphate, probably no fertilizer would be re¬ 
quired. If, however, the phosphate in the acid extract were derived from 
an adsorption complex, a need for fertilization would almost certainly 
be indicated for most plants. 

A simple experiment reveals all the facts necessary to the above conclu¬ 
sion. Finely ground kaolinite was partially saturated with phosphate. 
Five-gram portions, containing 61.45 mg PO*, Avere brought to equilib¬ 
rium with the respective solutions as noted. The following amounts of 
PO* were removed at equilibrium (1:5 suspensions), out of a possible 
61.45 mg: 

pH value PO^ removed, mg 


0.1 N Citric acid. 2.27 21.88 

0.005 N Hydrochloric acid.2.28 1.00 

0.1 iV' Hydrochloric acid. 1.01 6.84 

0.1 N Sodium hydroxide.12.00 50.00 


Hydrochloric acid (0.1 N) dissotyes A1 from kaolinite and releases small 
amounts of phosphate. Phosphate is not displaced from the adsorbed 
condition by hydrochloric acid of any pH short of one which breaks 
down the alumino-silicates of the adsorbing complex. In the pH range 
possible about an individual particle of clay complex in normal soils, 
there is no release of adsorbed phosphate as a result of a specific “acid” 
effect. Under such circumstances, phosphate is released only if the acid 
is one with a strongly adsorbed anion. 

* Unless the i>articles are highly saturated and the amounts of phosphate so held 
are large. 
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FACTORS AFFECTING PHOSPHATE AVAILABILITY 

From the preceding analysis, we suggest that the points to be determined 
in laboratory studies of soils in order to predict the need for phosphate 
fertilizers are as follows: 

1. Tbe amounts of phosphate liberated by acids of a type whose anion is not 
adsorbed by clay minerals or Fe hydrogels." 

2. The shift in pH caused by added acid, because this indicates whether increased 
acidity in the field would or would not be likely to shift the pH enough to cause the 
solution of phosphate to the extent observed in the laboratory. 

3. The degree of phosphate saturation of the adsorbing clay minerals or adsorbing 
hydrogels. 

4. The total phosphate (fusion analysis of the soil). 

We now present for analysis the results of a series of experiments with 
a single soil, carried out in such a manner as to differentiate between 
precipitation and adsorption effects. All data represent 1:5 equilibrium 
extracts of 100 grams of a fine sandy loam soil (known as No. 117 in this 
laboratory) with amounts of acid (or alkali) producing the pH values 
noted at equilibrium. Series of extracts were made on the soil alone, 
soil -(- excess CaCOj, soil + 400 mg Ca as CaCls, soil -f-1 gram finely 
ground kaolinite.*” The soil was chosen as one having no kaolinite and 
having little buffering power according to standards accepted for soils 
of this region. The soil does contain other clay minerals, and undoubt¬ 
edly some of its phosphate is held as adsorbed phosphate. Moreover, the 
exchange complex does release calcium on acid treatment but not nearly 
so much as highly buffered soils of this region. When such a soil is ex¬ 
tracted with dilute HCl, the resulting figures represent the amount of 
phosphate derived from solution of individual phosphate-carrying par¬ 
ticles minus the phosphate precipitated or adsorbed. 

The points on the curve representing the acid side of neutrality (see 
curve A, fig. 1) are obviously lower than they would have been if the 
phosphate-carrying particles could have been isolated and these alone ex¬ 
tracted. This cannot be done, and calculations of the magnitude of this 
depressive effect from calcium released or amount of clay present are of 
little value because of the complexity of the equilibrium solution and lack 
of knowledge of the amounts of each clay mineral and the specific adsorb¬ 
ing capacity of each such mineral in this particular soil. 

The curve (curve A, fig. 1) can, however, be analyzed and the dominat¬ 
ing factors which determine it characterized. If the data are plotted in 

" Possibly A1 hydrogels in some soils at certain pH values. 

Bata not presented for soil -f- excess CaCOs. All acid treatments with OaCO, in 
excess, gave about equal pH values and equal phosphate figures. 
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absolute terms (curve A, fig. 2), the curve is practically a straight line 
on the acid side in the H ion range between pH 5.17 and 3.65. The slight 
change in the slope of the line at the lower pH values can be accounted 
for either by a small amount of precipitation or by adsorption effects or 
by both. The straightness of the line, however, indicates that the major 
effect is solution of phosphate-carrying particles or compounds. On the 
alkaline side (curve B, fig. 2 ), the curve is apparently logarithmic and 



Fig. 1.—Phosphate determined in 1:5 equilibrium extracts from a variously treated 
slightly buffered soil, by acid and by alkali. Oonceiitrations of and NaOIt used 

were 0.002, 0.004, 0.006, 0.008, and 0.010 N. The data for the kaolinite treatment on 
the alkaline side were essentially the same as for the untreated soil and are omitted 
to avoid confusion of the lines. 

can be shown (if plotted logaritlimically) to obey the Freundlich equa¬ 
tion. All of the common phosphate compounds, which do not hydrolyze, 
become less and less soluble with increasing alkalinity. The rise observa¬ 
ble with increasing alkalinity could be due to hydrolysis of iron, alumi¬ 
num, or manganese phosphates ( 8 ); or to exchange of OH with PO^ 
adsorbed either by clay minerals or by iron or aluminum hydrogels ( 5 ). 
As a matter of fact, an exchange of OH for the PO 4 of the clay minerals 
is undoubtedly the cause of the increase in this particular soil, but it 
really does not matter because all three classes (clay minerals, hydrogels, 
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and iron or aluminum phosphate) of phosphate complex would act in 
the same manner with OH. 

As may be seen from curve B of figure 1 , addition of 400 mg Ca ion as 
CaCl, to 100 grams of soil depressed the solubility of phosphate through¬ 
out the entire range. On the alkaline side, the PO* released from the soil 
minerals by OH exchange is almost completely precipitated by a very 



small ai)p]ication of Ca ion. In the soil alone (curve A, fig. 1) there was 
not enough dissolved calcium (that is, Ca ion) at pH values above 7 to 
produce this effect; the phosphate released fx’om the soil minerals there¬ 
fore remained in solution as determined. 

As may be seen from curve C, figure 1,1 gram of kaolinite in 100 grams 
of soil removes a large proportion of the PO 4 released by acid, the ad¬ 
sorption increasing with increasing II ion (decreasing pH) at first, but 
later rising. This latter rise is evidently due to the fact that, at the lower 
pH values, the clay mineral is approaching saturation. That this is st) is 
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shown (curve D, fig. 1) by the supplementary experiment: 2 grams of 
kaolinite removes all of the phosphate released by acid. Evidently then, 
the degree of saturation and the amount of adsorbing clay minerals in 
a soil is what determines their ability to conceal the true acid solubility 
of soil phosphate. Moreover, the degree of saturation of the clay mineral 
particles and the number of those particles in immediate contact with 
potentially acid-soluble phosphate particles must determine the amount 
of phosphate that is actually dissolved in the soil by biologically pro¬ 
duced acids. If the clay minerals are only slightly saturated with phos¬ 
phate and very numerous as compared with other phosphate-carrying 
particles, the excretion of acids by the plant will merely move the phos¬ 
phate from the acid-soluble particles to the practically insoluble adsorp¬ 
tion complex. If the plant gets phosphate from this complex, it does so, 
not by acid solution, but as a result of exchanges, as suggested by Jenny 
for cations. Here again, the amount of phosphate the plant can get 
from the adsorption complex is determined by degree of saturation and 
amount of adsorbed phosphate. 

An interesting point is whether any factor other than pH in the com¬ 
plex mixture of ions in the acid extracts has any effect upon the adsorb¬ 
ing capacity of the clay minerals. At pH 3.6, the amount of phosphate 
released by the soil was 23.5 mg (curve A, fig. 1). The amount of phos¬ 
phate not removed by the kaolinite was 3.4 mg (cuiwe C). The kaolinite 
had, therefore, adsorbed 20.1 mg and was in equilibrium with a solution 
containing 3.4 mg. We, accordingly, made up a number of solutions, all 
containing 23.5 mg of PO 4 (from KH 2 PO 4 ) in 500 cc, after adjusting 
the H ion concentration to give values of about pH 3.6 when 500 cc of 
solution was brought to equilibrium with 1 gram of kaolinite. One of 
these equilibrium mixtures, with a pH of 3.69, had approximately the 
same PO 4 ion content as the soil-kaolin-acid mixture, as shown below: 

Phosphate Phosphate in Total 

Equilibrium mixture pH adsorbed, mg solution, mg phosphate, mg 

100 grains soil 4- 1 gram 

kaoliiiite + 500 cc dilute HCl.... 3.60 20.1 3.4 23.5 

1 gram kaolinite + 500 cc dilute 

KH 2 PO 4 solution. 8.69 19.3 4.2 23.5 

The distribution of phosphate between kaolinite and solution is essen¬ 
tially the same in the two mixtures, which are otherwise very different. 
Apparently the only factors which affect the phosphate-adsorbing capac¬ 
ity of the clay minerals are PO* concentration and pH. 
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INFORMATION REQUIRED TO DIAGNOSE PHOSPHATE 

DEFICIENCY 

In the preceding discussion, the points emphasized are the importance of 
determining the degree of saturation of the adsorbing complexes (min¬ 
erals, hydrogels, etc.); the specific capacity of potentially soluble phos¬ 
phate particles to dissolve in acid; the effect of buffers (Ca ion, etc.) in 
lowering the apparent solubility of these particles; and the total phos¬ 
phate content of the soils. How are these factors to be determined, and 
how can they be evaluated ? 

The degree of saturation of the adsorbing constituents of the soil can 
be readily calculated if the amount of adsorbed phosphate actually pres¬ 
ent in the soil is known, together with the amount of phosphate the 
adsorbing minerals could hold at saturation, that is, the adsorption 
capacity. These figures can be ascertained from 0.1 N NaOH equilibrium 
extracts" of the soil itself and of the soil after saturation with PO 4 . The 
actual concentration of the NaOH is not important provided it is uni¬ 
form for both treatments, is sufficiently concentrated to overcome buffer¬ 
ing on the alkaline side of neutrality, and produces a high pH in the 
equilibrium solution. 

The adsorption capacity of an adsorption complex is, of course, 
affected by the pH at which the adsorption takes place (and the con¬ 
centration of phosphate in the treating solution), but if concentrated 
solutions of KHjPO* at pH 4.5 are used in the proportion of 500 cc to 
100 grams of soil, the pH of the equilibrium solution will usually lie 
between 4.5 and 7.0 and the absolute amounts adsorbed will not vary 
greatly. Moreover, in those soils in which adsorption effects are impor¬ 
tant, the adsorbing capacity for PO 4 is very great as compared with the 
amounts actually in the adsorbed condition; so that a considerable vari¬ 
ation in the determined adsorption capacity could not materially affect 
the calculated values of what we call the “degree of saturation,” or the 
“adsorption deficit.” 

The specific capacity of phosphate-carrying particles to dissolve in 
acids cannot be determined exactly except in soils having no buffer capac¬ 
ity and which are also free from adsorbing complexes. The general order 
of magnitude of this factor can, however, be inferred from the amounts 
of phosphate extracted by acid and the determined buffer capacity of 
the soil. Five volumes of 0.01 N HCl to 1 gram of soil will shift the pH 
more than any plant could do, but not enough to overcome the buffering 

” Equilibrium extracts do not give the entire amount of adsorbed phosphate, but 
they give almost all, and all that need be considered in these relations. 
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power of soils. The shift in pH actually observed by this treatment gives 
an appropriate measure of the buffer capacity of the soil. 

The determination of total phosphate by fusion analysis presents no 
difiBculty. This datum is necessary to give weight to the quantity factor, 
in supplementing conclusions drawn from the data showing the degree 
of saturation. 

APPLICATION OF CHEMICAL DATA TO PROGNOSIS OP 
PHYSIOLOGICAL PHOSPHATE DEFICIENCY 

The evaluation of the criteria suggested will obviously depend upon (com¬ 
parisons between the known physiological responses to phosphate fer¬ 
tilization of individual soils, and the figures or indexes obtained from 
such soils by the methods outlined. 

This we believe we have accomplished for a group of fourteen soils of 
widely different characters. The minor defects of our correlations are 
apparently due to the incompleteness of the physiological data and to 
variation in the specific capacity of different plants to acquire phosphate 
from particles of equal degree of saturation. The first defect can be over¬ 
come by obtaining further evidence of physiological deficiency in the 
particular soils. The second defect can never be entirely eliminated, but 
its elimination is not necessary if the data are not interpreted too nar¬ 
rowly. Fertilizers are not so valuable that the most effective dosage must 
be predicted with a high degree of accuracy. To be able to say that for 
the generality of crops such and such a soil will probably respond to 
phosphate applications, is sufficient. 

Many of the soils used in these experiments are the same as those used 
by Hibbard (4), who gives additional data on them. 

Phosphate-deficient Soils .—By referring to table 1, the reasons why 
the sods manifesting great phosphate deficiency are unable to supply the 
plant are perfectly obvious. Soils 103, 69A, and 64 yield practically no 
acid-soluble phosphate: their unsatisfied adsoi'ption capacity is so great 
(adsorption indexes, 3.28, 1.54, and 0.93) as compared with their phos¬ 
phate content, and the degree of saturation is so small that the adsorp¬ 
tion complex holds phosphate with great avidity, and the plant cannot 
easily remove it. 

Soil 78 can yield practically no acid-soluble phosphate; this is defi¬ 
nitely referable to its high adsorption index. The degree of saturation is 
high and individual particles.of adsorption complex could be expected to 
yield phosphate well to the plant, but the low total phosphate, the effect 
of which is reflected in adsorption index, prevents plants from getting 
phosphate rapidly. 



TABLE 1 

Chemical Data (PO*) from Soils of Known Physiological Response 
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Soil 80 has a negligible adsorption defleit and negligible amounts of 
adsorbed phosphate. Plants suffer because the potentially acid-soluble 
phosphate is prevented from coming into solution as a result of the high 
buffer capacity of the soil. 

Soils of Intermediate Phosphate-supplying Power. —Of this group, 
soil 36 shows early physiological deficiency. Soils 37 and 38 show defi¬ 
ciency in subsequent crops. Soil 36 yields very little acid-soluble phos¬ 
phate, primarily owing to its substantial buffering capacity, aided by 
a substantial capacity to adsorb phosphate (adsorption capacity 126, 
adsorption index 0.45). In soils 37 and 38, the amounts of acid-soluble 
phosphate are greater than for No. 36 but are not large, owing entirely to 
buffering in soil 37 and primarily to adsorption in soil 38. The buffering 
of No. 37 is capable of being remedied by (acidic) applications in the 
field, but the acid-soluble phosphate of No. 38 should decline under crop¬ 
ping, as indicated by the high adsorption index (0.63). 

Soils of Good Present Supplying Power. —The lack of present physio¬ 
logical deficiency for plants in soils 40, 53, and 30 is easily accounted for 
by the comparatively large figures for acid-soluble phosphate. The rela¬ 
tively lower acid-soluble figure of No. 40 as compared with Nos. 53 and 
30 is referable to the higher adsorption index (0.39 as against 0.14 and 
0.16); inasmuch as the soil is only moderately buffered. 

Soils 30 and 53 both manifest phosphate deficiency after a relatively 
small number of crops have been grown. This cannot be explained on 
the basis of a transfer of potentially acid-soluble phosphates to the 
adsorption complex, for the adsorption indexes are low; it must be 
otherwise accounted for. This we believe can be done as follows: The very 
high figures for acid solubility (in vitro) reflect a high acid solubility 
for both the soils. The buffering power of both of these soils is negligible, 
so that their individual phosphate-carrying particles could not be pre¬ 
vented from delivering PO* to the soil solution with normal COj excre¬ 
tion by plants. This means a concentrated soil solution, with respect to 
phosphate,’® and a “luxury” adsorption of phosphate by the plant. The 
total phosphate in soil No. 53 is very low and the total phosphate in 
No. 30 is subaverage. The total phosphate in both soils should decline 
rapidly because of luxury consumption by the plant and cause an abso¬ 
lute deficiency in a very few years. 

Soils 1C and 75 give sufficient acid-soluble phosphate to account for a 
reasonably good supplying power in spite of substantial buffering. Since 
the soils are buffered, the adsorption complex could play little part in 

“ Soil No. 30 had originally the highest phosphate concentration of displaced solu¬ 
tion of all encountered in this laboratory. 



Fe1>., 10S9] Surd-JUwphy: Frognoaif of Phoaphate Deftoiency in Soila 


837 


lowering the acid-solnble phosphate actually accessible to the plant even 
if the adsorption deficits were much higher than they are in both cases. 

The physiological eflBciency of soil No. 68 A is unknown, but the com¬ 
paratively high acid-soluble figures and low buffering capacity with the 
negligible adsorption capacity (adsorption index 0.14) indicates that the 
soil cannot be physiologically deficient at the present time. 

We refrain from further analysis of these data because we realize that 
the limited number of soils and the incompleteness of our data with re¬ 
spect to the physiological supplying power of the soils could lead to 
erroneous conclusions as to the significance of specific figures obtained in 
the laboratory. We hope to present further evidence at a later date from 
larger numbers of soils, the physiological response of which is deter¬ 
mined with three types of plants—plants with great acquisitive power 
for adsorbed phosphate, plants with slight acquisitive power, and plants 
with what may be called “average acquisitive power.” 

CONCLUSIONS 

The phosphate-carrying particles of natural soils may be divided into 
two sharply defined classes—those which dissolve in acids (that is, both 
ions enter solution) and those which do not dissolve in acid, but which 
either hydrolyze in alkaline solutions or release phosphate only as a 
result of anion exchange. The phosphate accessible to plants (derived 
from acid-soluble particles) depends upon the PO^-ion concentration 
of the soil solution’* to a minor degree, and upon the amounts of PO 4 
brought into solution by H ion at the interphase boundary between the 
root hair and the individual phosphate-carrying particle. The phosphate 
accessible to plants (derived from hydrolysis or from adsorbed phos¬ 
phate) depends upon the degree of saturation of the hydrogels or adsorb¬ 
ing clay minerals and the amount of phosphate so held. 

The phosphate brought into solution from the individual soil particles 
by acid cannot be exactly determined, but can be inferred from acid ex¬ 
tractions, supplemented by a knowledge of the buffer capacity of the soil. 

The amounts of phosphate on the hydrogels and clay minerals can be 
determined by extracting the soil with alkali. The degree of saturation 
of particles holding phosphate in this manner can be determined by com¬ 
paring amounts of PO* extracted by alkali from the soil before and after 
saturation with phosphate. 

We believe it possible to obtain limiting figures from chemical data, 
easily obtainable in the laboratory, which will indicate degrees of physio- 

” As defined in this laboratory, that is, ions free to move in the water of the soil 
independently of solid phase or colloidal particles. 
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logical deficiencies in soils. We suggest certain preliminary and tentative 
figures and magnitudes, subject to change as a result of further studies 
of a larger group of soils and for plants of different sensitivities: If acid- 
extractable phosphate is high“ (9 mg or more per 100 grams of soil), most 
plants will have no present difficulty in obtaining phosphate from the 
soil. If acid-extractable phosphate is low (about 1.0 mg or less), plants 
will usually acquire phosphate with dilBculty, but the difficulty will be 
greatly enhanced if the buffer capacity is low and the adsorptive index 
is high. If the acid-extractable phosphate is intermediate, plants will 
probably have difficulty in acquiring phosphate when the buffer capacity 
is extremely high (compare soil 37 and soil 1C); or even in the absence 
of extreme buffering capacity, when the adsorption index is high. 

The effect of a high adsorptive power (high adsorption index) in pre¬ 
venting a plant from acquiring potentially acid-soluble phosphate in the 
field is directly associated with the buffering power of the soil: (c) if the 
adsorption index is high and the buffering capacity is low, the conditions 
are highly adverse; (6) if the buffer cai)acity is high, the adsorption 
index is of no import in this connection. 

The ability of a soil having a high adsorption index to deliver PO< 
from the adsorption complex to the plant in the field may be substantial 
for certain plants, provided that the degree of saturation and the number 
of particles carrying adsorbed phosphate is great, and if such plants can 
give off anions (for example, citrate) capable of being adsorbed. That 
plants w’ith sixperior acquisitive power for phosphate have this power for 
the reason indicated is highly probable, particidarly if the amount of 
contacts (root hair to soil particle) are great as a result of an extensive 
root development on the part of the plants. 

Until further studies by the methods outlined have been performed 
with soils of very high organic-matter content, and on soils wdiose buffer¬ 
ing capacity (or alkalinity) is due to sodium instead of calcium, we pre¬ 
fer to exclude such soils from our interpretation. We have data in hand 
which indicate that certain of our methods are applicable to peat soils, 
but the interpretations we have ventured above may have to be modified 
in some respects for this type of soil material. 

SUMMAEY 

The causes of failure to obtain correlations between plant growth and 
the acid-extractable phosphate of soils are partly inherent and partly 
technical. 

The roles of adsorption complexes, hydrogels, and acid buffers, as 


By our technique. 
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affecting the analytical figures obtained by acid extraction of soils, are 
outlined. 

The specific “acidity effect” of reagents cannot be measured in soils 
containing substantial amounts of adsorbing colloids if the anion of the 
reagent is itself adsorbed by the soil. 

The kinds of chemical determination necessary in the prognosis of 
phosphate deficiency are announced. 

A critical analysis of the quantitive effects of Ca ion and kaolinite in 
determining the phosphate solubility of a type soil is presented. 

Ilydrogen-ion concentration, phosphate concentration, present degree 
of saturation, and adsorption capacity of the adsorbing complex deter¬ 
mine the removal of acid-dissolved phosphate both in vitro and in the 
field. 

Chemical data on fourteen soils are analyzed in the light of these find¬ 
ings to illustrate how the present physiological supplying power of the 
soil could be deduced from the data. 

Tentative standards represented by figures and magnitudes are sug¬ 
gested as a basis for predicting the current phosphate-supplying power 
of soils. 
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THE ROLE OF KAOLINITE IN PHOSPHATE 

FIXATION'“ 

H. F. MUBPHY* 

When a soluble phosphate isbrouf?ht in contact with the soil, reactions 
take place which remove a great deal, if not all, of the phosphate from 
solution. This phenomenon has been called “the fixation of phosphates 
by soils.” Such a term carries no implication of the means by which re¬ 
moval takes place or of the product formed; it conveys only the idea that 
the phosphate has been changed and is pre.sent in some form that is only 
slightly soluble iinder the prevailing conditions. To the scientist who is 
interested in soil relations, plant relations, and the complex soil-plant 
system, more than the mere fact that the “phosphate is fixed by the soil” 
is required. The mechanism of the fixation is important to the soil spe¬ 
cialist, while the means of resupplying the soil solution or the plant from 
the phosphate so held is important to the plant physiologist. 

The investigations reported here were undertaken to obtain more fun¬ 
damental data oji the manner of phos]>hate fixation in soils not controlled 
by the calcium system. 

PIIOSPIIATE-FIXATION SYSTEMS 

The reactions converting phosphates into le.ss soluble forms are several 
in number. The various types of fixation may now’ be classified into a few’ 
groups, which will be discussed in the following paragraphs. 

Oroup 1, (Chemical Precipitation .—Tbitil rather recently, chemical 
precipitation has been considered the primary <*an.se of phosphate fixa¬ 
tion in all soils. This precipitation has been attributed largely to Ca, Pe, 
Al, Mg, and Mn. 

A great many soils are governed by what ma.v be termed the “calcium 
system.” Soils with such a system predominate in arid and semiarid 
regions and also occur in the more humid sections. In these soils, calcium 
is the predominating cation, although leaching may have removed it to 
a considerable degree. In some instances, leaching has been so severe that 
the only calcium left is found in a few’ local zones, and the soils are very 
acid. Such soils cannot be considered strictl.v W’ithin this group and will 

* Received for jniLUcation June 22,1938. 

“Submitted in partial fulfillment of the requirement for Ihe Degree of Doctor of 
Philosophy in the Univeraily of (’alifoniia. 

"Graduate atudenl of the University of ('alifornia 3930-31, and 3937-38; now 
Associate Professor of Koila, Oklahoma Agricultural and Mechanical College. 
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not be dealt with here. Where calcium is the controlling cation, it reacts 
with soluble phosphates and withdraws the phosphate ions from solution. 
Calcium phosphates, however, are appreciably soluble in an acid me¬ 
dium ; tlierefore, the production or introduction of a hydrogen-ion pro¬ 
ducing substance tends to redissolve the calcium phosphates formed. 

Teakle {46)* has shown that calcium phosphates are relatively insolu¬ 
ble on the alkaline side of neutrality, and in the presence of an excess of 
calcium, they become insoluble at about pll (5. This means that to liberate 
phosphate for plant use in such a system hydrogen ions must be produced 
in an amount sufficient to lower the pll at tlie absorbing surface below 
this value. Slightly acid soils belonging to this system and having an 
appreciable amount of calcium in the replaceable form arc able to supply 
the plant with phosphate without difficulty, provided the potential sup¬ 
ply is adequate. Gaarder and Nielsen (15) have shown the behavior of 
the phosphate ion in the presence of free ions of iron, aluminum, calcium, 
sodium, and magnesium. 

In acid soils, the fixation of i)hosphates has been considei-ed as due to 
the precipitation of FePO^ and AIPO4. The probability is against such 
a simple fixation, because free Fe and A1 ions are not pj-esent in tlie soil 
solution to any appreciable extent except in vei\v acid soils. That FcP()4 
and AIPO4 may be partially precipitated from an artificial system at pll 
ranges common to acid soils is ably shown by several invest igators (46’. .9). 
but this does not prove that P^e or Al ions are present in sufficient quan¬ 
tity to fix applied soluble phosphates rapidly. Moreover, certain experi¬ 
ments (32) have indicated the accessibility of such phosphates to plants 
at pH values of 6 and 7. If FePO^ and AIPO4 were the products of fixa¬ 
tion, it would seem that soils having a fair supply of phosphate and 
within this range of soil reaction should be able to supply the plant with 
the necessary phosphorus for gnnvth. Truog ( iS) found that precipi¬ 
tated F'eP04 and AIPO4 produced, with a few exceptions, good growth. 

(iroup 2, Mutual Precipitation of Phosphates hy Iron, Aluminum, and 
Silica Hydrogels .—Evidences of the adsorption type of reaction have 
accumulated during the last few years. Russell and Prescott {42) in 1910 
ascribed some of their results to adsorption phenomena, but the criticism 
of their work by Fisher {11) and by Comber (5) discredited the idea for 
a time. In 1921 Harrison and Das {20) concluded that in noncalcareous 
soils the retention of P2O5 is mainly due to adsorption, whereas in cal¬ 
careous soils retention by adsorption is either nonexistent or entirely 
masked by other causes. Shortly thereafter, the work of Gordon and his 

* Italic numbers in parentheses refer to “Interature Cited” at tlie end of this 
paper. 
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associates {19, 25, 45) and of Mattson (57-^50) began to appear in the 
literature in support of a colloidal mechanism. Other recent investiga¬ 
tions (6, 18, 31, 33, 34, 35, 37, 38) furnish confirming evidence of this 
kind of action. 

The simpler iron and aluminum compounds found in the soil are oxides 
or hydrous oxides. While iron and aluminum ions may be present, the 
amount of these is appreciable only when the soil becomes very acid. The 
ordinary soil solution is very low in these ions as well as in phosphate 
ions. These fads lend support to the idea that the hydrated oxides of 
these materials, becjause of their colloidal nature, are responsible for 
considerable adsorption of phosphate ions. Heck {21) considers the active 
iron and aluminum in soils as existing in the forms of hydrated oxides. 

Artificially prepared hydrogels and hydrosols of iron and aluminum 
have been shown {16, 25, 45, 47) to remove PO 4 from solution. Gordon 
and his associates {25, 51) found that while iron and aluminum hydro¬ 
gels were able to hold on to the adsorbed phosphate tenaciously against 
distilled water and certain sulfates, O.IJV solutions of NaOH and NH 4 OH 
were cai)able of removing .some of the adsorbed phosphate, and the 
plants were able to utilize PO 4 from the freshly prepared material. Ellett 
and Hill ( 10) stated in 1917 that “if the yield is taken as a measure of 
availability, iron and aluminum do not fix phosphoric acid in forms un¬ 
available to tlie wJieat plant.” In their exj)eriments, they used iron and 
aluminum hydi'oxides as fixing agents for monocalcium phosphate and 
sui>erphosphate (acid phosphate). Tiulin {47) prepared an iron gel of 
varying degrees of saturation of phosphate and showed that plants were 
able to secure phosphorus from it in accordance with the degree of sat¬ 
uration. Ford {12,13) and Dean (7) present evidence showing the for¬ 
mation of complex phosphate addition compounds to certain hydrated 
iron and aluminum oxides. Mattson {29) and Pugh {35) have demon¬ 
strated that the phosphate content of the iron or aluminum hydrogel 
complex is variable; it increases as pH is lowered and decreases as the 
pll is raised. 

(Iron}) 3, AOsttrption of PhosjAtates by Alutnino-^ilicafes .—Mattson 
{30) shows that cirtiticially prepared alumino-silicates as well as some 
naturally occurring colloifls containing silica are capable of adsorbing 
phosphates, and that the PO 4 content of the complex varies indirectly 
with pH. Pugh and du Toit {36) report that silicates and phosphates 
may be regarded as substituted hydroxides, and that the OH ion replaces 
SiOa and PO 4 ions in exactly ecjuivalent proportions in synthesized ferric 
silicates and phosijhates. 

lioszmann {40) suggests the possibilit.v that the clay complex fixes 
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phosphate. Bradfield (3) suggests that phosphates may in part be re¬ 
tained on the surfaces of the colloidal alumino-silicates in the soil, and 
that other anions may replace it. Scarseth (44) found that a prepared 
bentonite retained phosphate, and suggested that the adsorption on the 
colloidal surfaces at pll 5.5 to 6.1 was due to the aluminum valence. “Per- 
riferated” bentonite increased the phosphate retained. The PO 4 ion was 
found to be replaceable by OH and Si 04 anions. 

Gilbert (J7) reported that normal phosphate fertilization of some 
Rhode Island soils during a period of thirty-five years had jiot reduced 
the power of phosphate adsorption significantly, irrespective of the phos¬ 
phate carrier used. A high rate of liming reduced the adsorption power. 
Furthermore, phosphate was fixed by these soils from buffer solutions of 
monopotassium phosphate adjusted to pH 5, 6 , and 7; but was given up 
by the soil when the pH was lowered to 2 or was raised above 10. Truog 
(48) showed that freshly precipitated iron and aluminum phosphates 
were utilizable by plants; but that after the first crops they were less so, 
and suggested that these older basic phosphates may have combined with 
acid silicates to form very resistant insoluble compounds. 

GENERAL EXPERIMENTAL METHODS 

The methods employed were varied according to the nature of the indi¬ 
vidual experiments and are described briefly in conne<'tion with these ex¬ 
periments. A few methods were common to many experiments, however, 
and these are described at this point to avoid repetition. The phosj)hates 
were determined volumetrically by the usual ammonium molybdate 
procedure. Potassium w’as determined volumetrically by titrating the 
precipitated potassium cobalti-nitrite w’ith standard KMnOi. The pH 
values were determined by the glass electrode except in the greenhouse 
experiments, where the hydrogen electrode w.’as employed. Where shak¬ 
ing W’as employed, it was generally done on rollers w'hich turned the 
containers slowly along their horizontal axes. Exceptions to this .shaking 
procedure will be noted. 

INFLUENCE OF IRON ON PHOSPHATE FIXATION 

Iron Hydrosols at Different pH Values in the Presence of an Excess of 
Hydrosol .—In experimenr la, a solution of FeClj was made of such con¬ 
centration that when the other reagents were added, 500 cc contained 
340 mg of Fe. The iron was precipitated as hydroxide at various pH 
values by the use of different amounts of dilute NH 4 OH. A solution of 
KH 2 PO 4 suflBeieut to furnish 175.6 mg of PO 4 was then added to make 
a total volume of 500 cc in each case. The suspensions were shaken by 
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hand, and after standing for about 1 day, the filtrates were tested for 
PO 4 . The results are given in table 1. 

TABLE 1 

The Retention of Phosphate in the Presence of an Excess of Iron Hydrosol 


Color of filtrate 

IlcMicUon 

POi fixed 

Su8pen«ioii 

Flit rale 

Atuounl 

Per cent* 


p// 

pH 

mg 

per cent 

Reddish atiibei 

2 13 

2 14 

15.60 

8 88 

Clear amltcr 

2 23 

2 26 

85 00 

48 74 

Very sliKhtly yellow 

2 53 

2.64 

173 35 

08.72 

Wator-cleai 

2.«2 

3 11 

173 85 

08 98 

Water-clear 1 

4 94 

5 00 

170 35 

07 01 

Water-clear 

0 50 

6 50 

126 60 

73 80 

Water-edear 

7 35 

7 32 

HO 60 

62 98 

Water-clear 

8 12 

8 17 

04 60 

54 44 


• PO4 fixed tui a pereorituKe of that acldotl. 


The amount of iron (JJ40 m^) was arbitrarily eliosen, but represents 
the amount removed from lOO jrrams of Aiken elay loam in citric acid 
(1 equilibrium extract.'^ The exact procedure was to diprest 10 grains 
of soil with 100 (*c of N citric acid on a steam bath for V 2 hour. The PO 4 
used was approximately equal to the total P ()4 content of 100 trains of 
this soil. 

TABLE 2 

The Infia’exce of pTI on FeP04 Precipitation in the Presence 
OF AN Excess or Iron 


(\>lor of liquid 

ReactioTi 

PO* fixed 

1 

Suspension 

Filtrate 

Amount 

Per cent* 


pH 

pH 

mg 

per cent 

.Amber 

2 10 

2 10 

105 00 

60 00 

Amber 

2 27 

2 27 

150 60 

85 76 

Slight amber 

2 51 

2 56 

165 60 

04 30 

Slight yellow tinge 

2 70 

2 92 

170 35 

97 01 

Water-clear 

3 17 

3 47 

174 35 

90 29 

Wator-oleai 

5 87 

6 12 

171 85 

97 86 

W'ater-clear 

i 7 33 

7 30 

175 35 

99 86 

Water-clear 

7.80 

7 82 

174 66 

99.41 

Water-clear 

8 24 

8 27 

173.10 

08 57 


• PO^ fixed a« a perronta#ie cif that adtlocL 


In experiments la and lb, the hydrnsol was formed before adding the 
phosphate solution, whereas in experiments 2 a and 2 b the phosphate 
solution was added to the iron solution before adding the NII.OH. This 

R. M. Physiolop^icjtl dcfieicncy in soils as related to niochanism of phos¬ 
phate release. Unpublished manuscript. 1937. 
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has a considerable bearing on the retention of PO 4 , as will be recognized 
in comparing the graphs in figures 1 and 2. Figure 1, curve a, is a graphic 
representation of the data in table 1 . 

In experiment lb, the same procedure as in experiment la was used 
except that the amount of Fet'l, was only in slight excess of that neces- 



Fig. 1.—Curve the influonee of pll on tin* ndsorfition 
of phosphate bj an iron hydrosoJ containing a large e\ces.s 
of Fe over PO 4 ; curve h, the influence of pH on the priM-ipi- 
tation of phosphate in the presence of a large excess of Fe. 

sary lo combine with PO 4 lo give FeP() 4 . The i-esults are graphically 
represented in figure 2 , curve a. 

Iron Phosphates at Different pH Values in the Presence of an Excess 
of Iron .—In experiment 2a, a solution of PeCL, was added to a Kir 2 P 04 
solution, and the pH was clianged by adding A'arious amounls of dilute 
NH 4 OH. The total volume was 500 cc and contained 340 mg of Pe and 
175.6 mg of PO 4 . The shaking and period of standing were the same as 
in experiment la. The results are recorded in table 2 and are shown 
graphically in figure 1 , curve 6 . 

In experiment 2b, the same procedure as in experiment 2a was used 
except that the amount of PeClj employed was in only slight excess of 
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that necessary to combine with the PO 4 to give FeP 04 . The results are 
shown graphically in figure 2 , curve 6 . ’ 

Discussion of Experiments with Iron .—The data indicate that even in 
the presence of an excess of iron hydrosol an appreciable amount of PO 4 
is left in solution at pH values of 6 and above. Hence, if hydrous iron 


/*» 



Fig. 2 ,—Curv e a, the influence of pH on the adsorption 
of phosphate by an iron hydrosol containing only a slight 
excess of Fe over PO 4 ; curve b, the influence of pH on the 
jirecipitation of phosphate in the presence of a slight excess 
of Fe. 

oxides are furietinning as the adsorbing system in a given soil, at pll 
values of about 6 there should be eoiisiderabJe PO 4 in the soil solution 
available for i)lants, espeeially after a})})lying a fertilizer eontaiiiing 
soluble phosphate. 

Not mueh iron is found in the soil solution until a high aridity is 
reached; therefore, the fixation as FeP 04 (the h curves in figs. 1 and 2 ) 
has a very limited effective range and could not account for rapid lixation 
in soils having only a slight acidity. Fixation by iron in such a pH range 
would be largely limited to the hydrous oxides present. F^ree nonhy- 
drated iron oxide (hematite) has been found (JJ) unable to fix phos¬ 
phate. 
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STUDIES ON A SOIL HAVING A HIGH FIXING POWER 


Certain soils have greater capacity to remove phosphates from solution 
than others. Colloids from such soils are characterized by having a low 
silica: sesquioxide ratio. The Aiken soil series is representative of this 
group and has been chosen for the studies involved. 

Composition .—The composition of Aiken clay loam ajid its colloid was 
determined by the methods of the Association of Official Agricultural 
Chemists {1 ). The colloid was secured by placing 1 kg of soil in a 5-gallon 
earthenware jar, agitating thoroughly each day, and removing the top 
8 cm of suspension every 24 hours. This was carried out over a 30-day 
period. The suspension was filtered with Pasteur-Chamberlain filter 
tubes using suction. The chemical analyses of soil and colloid are given 
below: 


OonKtituonl 

SiOa. 

. 

A 1.0. 

CaO. 

MgO. 

PO. 

Ignition loss. 


per rent 

. . 38.63 
.. 12.4:2 
. . 34.43 
.. 1.68 
1.20 

.. 0.18 
.. 15.41 


C'olloid, per cent 

30.98 

12.40 
39.90 

1.68 

1.05 

0.22 

17.40 


The ratios were as follows; 


SiO-:AljO,. 1.90:1 1.3U:1 

Fe,0,:A1.0,. 0.23:1 0.20:1 

SiO.:K»0, 1.54:1 1.10:1 


The percentage j^hosphate content of the colloid is higher than that 
of the soil. This is in accordance with data of other investigators (.V, 12) 
who have made a study of the distribution of the chemutal constituents 
in the various soil separates. It indicates that the finer fractions of the 
soil have a higher capacity for combining with soluble phosphates. 

The Release of Phosphate by Acid Treatment .—Tests wei’e made with 
HCI at various strengths on untreated Aiken clay loam. The ratio of 
soil to solution in each case was 1:5. 

Such tests, if the acidity is great enough to dissolve appreciable quan¬ 
tities of iron and aluminum, should liberate increasing amounts of PO 4 
if the POi already present in the soil is in the form of iron or aluminum 
phosphate. Particularly is this the case if the pll is below 2.5, as is shown 
by figures 1 and 2. The results (table 3) did not indicate any increase in 
the PO 4 content of the filtrate with increase in IICl from equilibrium 
mixtures shaken for 1 hour. Evidently such minerals are absent; or if 
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present, their presence is obscured by a secondary reaction involving clay 
minerals of a type discussed in a later section. 

The Recovery of Phosphate from Superphosphate Treatments with 
Dilute NaOH. —B’our percolators were filled with air-dried Aiken clay 
loam. The cross-sectional soil area at the top of the percolator was equiva¬ 
lent to 1/500,000 acre. The soil was moistened to field capacity with dis¬ 
tilled water, and superphosphate of various-sized particles was placed 

TABLE 3 

PO, Liberated prom Aiken Clay Loam by Uipperent 
HCl Solutions 


Approximate normality 
of acid 

■"i 

Reaction of 
AUB|>enHiDn 

Fe in Molution* 

PCb in Bit I ate 
pei 100i;rains 
of soil 

N 

pH 


mg 

0 100 

1.66 


<0 2 

0 076 

1 68 1 

+ f b 

<0 2 

0 060 

2 16 

■f + 

<0 2 

0 025 

2 93 

+ 4- 

<0 2 

0 010 

4 16 

Traoe 

<0 2 

0 002 

5 64 

None 

<0 2 

0 001 

__ 1 

5 83 

None 

<0 2 


• As shown bv NH4OH preripttation. 


Oil top of the moistenod soil surface of eacli per<*olator at the rate of 600 
pounds per acre. The soils were leached with distilled water until 2,000 
ec of leachate was secured from each percolator. This requii*ed approxi¬ 
mately 2 days. The samjdes were allowed to stand in the percolators and 
air-dry for one week. They were then divided into layers. a\ 1 :5 suspen¬ 
sion of each of the various soil layers in 0.1 *V XaOII was made. The 
samples were shaken 1 lumr, filtered, and the PO^ content of the filtrate 
was determined. 

Kodium hydroxide was chosen as a medium because numerous experi¬ 
ments (50 and uni>ublished data'*) have shown that low figures are se¬ 
cured from its use if the PO^ in the soil is controlled by a calcium 
equilibrium system; furthermore, hityh figures are secured where the 
phosphate is in the form of iron or aluminum phosphate or is held by 
adsorption. Hydrolysis of iron and aluminum phosphates occurs as 
the pH is increased above pH 7 (75, J26, 46), 

The results are reported in table 4, 

The Recovery of Phosphafe f rom Superphosphaie Treat moils by Acid 
Equilibrium Systems .—Previous experiments,’ as well as those per¬ 
formed by the writer (table 3), show' that ordinary acid equilibrium 

“ Burd, J. H., unpublishc d data. 

* Hugan, R. M. Physiological deficiency in soils as related to mecdianism of phos- 
})hate release. Unpublished manuscript. 1937. 
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extractions of this soil give practically no PO 4 in the filtrate. However, 
according to table 4 , more of the added phosphate remained in the soil 
as a calcium phosphate when larger rather than when small particles of 

TABLE 4 

The Inelitence of Pahticle Size on the Recovery of PO 4 from 
Superphosphate by O.LV NaOH 


Treatment 

Depth 

Weight of 
soil fraction 

Total PO 4 
soluble in 
O.IV NaOH 

PO 4 not 
recovered' 


tnehea 

grams 

mg 

mg 


1 

0 (M) .5 

109 7 

99 15 




0.5-1 0 

117 9 

41.18 




1 0-2 0 

130 1 

38 12 


10- to 20-mo8ht superphosphate, 160 8 


2 0-3 0 

90 0 

19 20 


mg 1*04 


3 0-4 0 

88 0 

22 88 




4 0-5 0 

91 0 

19 11 




Total 

032 7 

239 64 

56 99 

Untreated J 


032 7 

139 83 




0 OD 5 

115 5 

103 56 




0 5 1 0 

111 9 

42 03 




10 2 0 

144 8 

48 88 


00- to 100-mesh superphosphate; 107 2 


2 0-3 0 

101 0 

20 20 


mg PO 4 


3 0-4 0 

73 0 

17 52 




4 0-5 0 

99 0 

22 77 




Total 

t>45 2 

254 96 

54 83 

Pnlreaiedt 


645 2 

142 59 




0 0 0 5 

81 4 

81 33 




0 5-1 0 

107.8 I 

40 92 




1 0-2 0 

148 4 

63 54 


Finer than 200-mesh superphosphate; 153.3 

J 

2 0-3 0 

103 0 

28 84 


mg PO 4 


! 3 0-4 0 

102 0 

24 48 




4 0-6 0 

95 0 

27 55 




Total 

637 6 

266 66 

27 65 

Untreated t . 

i 

637 0 

140 91 



* This IS calculated from the amount of PO 4 added in the superphosphate, the amount of PO 4 0 IV 
NaOH ext 1 acted from unit eat ed sod, and the amount of PO 4 the NaOH actually extracted fiom the treated 
sod. 

t Tins means that the superphosphate passed through a 10-ine»h sieve, but was retained on a 2(hme»h 
sieve. 

X O.l V NaOH removed 22 10 mg of PO4 from 100 grams of untreated soil. 


superphosphate were used; tliese results indicate that perhaps an acid 
extraction would pive a further indication of this amount. 

Accordingly, the equivalent of 20 grams of moisture-free soil from 
the 0.0-0.5-inch layer of each treatment was shaken for 1 hour with UCl 
so as to furnish a 1:5 filtrate with a pH of 11 . The results are shown in 
table 5. 
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The experiment is inconclusive, since the acid may have dissolved the 
residual calcium phosphate; and this may have been immediately ad¬ 
sorbed by the soil colloids. 

The Recovery of Phosphate from Superphosphate Treatments hy AeAd 
Leaching. —The purpose of acid leachinf; was to determine if, durin;? 
the HCl equilibrium experiment, any pliospliate was dissolved which 
was subsequently fixed. 

Three 100-gram samples of Aiken clay loam were weighed out, one was 

TABLE 5 

IICl Equii-ibridm and HCl Leaching Studies op Aiken Clay Loam 

APTEB TEEATINO WITH SUPEEPHOSPIIATE 


Fineness of superphosphnle used 

HCl equilibrium studies* 

Hf”! leaching— 
PO* in filtrate 
per 100 grams 
of soilt 

Reaction of 
suspension 

PO 4 in filtrate 
rier 100 grams 
of soil 


pH 

mg 

mg 

10 - to 20-nienb 

3 07 

0 2 

29 77 

60- to lOO-rnesh 

3 07 

0 2 


Finer than 200 mesh 

2 90 

0 2 

If) 04 

None 

2 93 

0 2 

Ti ace 


• 20ffratns of W)il from 0.0-0 5-inch layer of treatment in tH}>le 4 used m this exi»eriment. 
t ftOO mg of Hiiperpliosphate per 100 grama of soil used. 


treated with 560 mg of 10 - to 20-mesh supcriiliosiihale, one ivas treated 
with 560 mg of superphosphate finer than 200-mesh, and no phosphate 
was added to the third. 

The superphosphate was thoroughly mixed with the soil. The samples 
were placed in pint jars and 50 ec of distilled water were added. The jars 
were loosely closed to prevent evaporation and were kept at room tem¬ 
perature for 8 days. At the end of this time, the soil was removed from 
each jar and spread out in a thin layer over 15-cm filter papers in Bueeh- 
ner funnels. Each sample Avas leached rapidly with 500 cc of 0.1 A* HCl, 
filtering being hastened by suction. The time required was 5 minutes. 
Samples of the filtrates -were tested for their phosphate content. The 
results are tabulated in table 5. 

Phosphate-Fixation Capacity. —Samples of 100 grams of Aiken clay 
loam were shaken for 1 hour with 500 ec of water and enough monoeal- 
cium phosphate to furnish the amounts of PO 4 shown in table 6 . The sam¬ 
ples were filtered, and the r 04 content of the filtrates was determined. 

The residues were re-treated w’ith the same quantities of monocalcium 
phosphate as in the first treatment, and the rest of the procedure I’e- 
peated. In table 6 ai*e also recorded the amounts of PO, fixed by this sec¬ 
ond treatment, and the combined fixation for both treatments. 
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The Effect of Grinding. — A. 75-gram charge of the Aiken clay loam 
was ground in a ball mill for 6 days. Its ability to fix phosphate was de¬ 
termined along with that of ungrouud soil, Aiken colloid, and kaolinite 
that had been ball-milled for 9 days. 

The procedure followed was to weigh out 3-gram samples into small 
bottles; add 50 ec of KHjPO* solution (pH 4.48) containing a total of 
355.24 mg of PO 4 , and shake for 100 hours. Afl er the shaking process, the 
suspensions were allowed to stand for 1 day to permit the settling out 
of the solid materials. The PO 4 content of the filtrates was then deter¬ 
mined. The results were as follows: 


SuhHtnneo pH of filtrate 

Aikeu clay loam. 5.22 

Aikon clay loam, ball-milled. 5.89 

Aiken colloid. 5.51 

Kaolinite, Viall millcd, 9 days. 6.07 


VOi fixed per 100 
(Crams of soil, mg 

2,372 

6,232 

3,858 

10,988 


Discussion of Aiken-Clay-Loam Investigations .—The analyses (p. 350) 
indicate that the soil chosen for the study has a low silica :ses<]dioxide 
ratio, and that the total iron content is much the same in the cfilloidal 
and noncolloidal fractions. 

If all the iron in the soil were active and free to combine with PO 4 ,100 
grams of the .soil would be able to fix approximately 14.7 grams of P 04 . 
If only the iron in the clay fraction is active (calculation would indicate 
approximately 50 per cent of the soil is colloidal matter) the 100 grams 
of soil would be able to fix about 7.3 grams of PO4. 

The 100 grams of soil (table 6 ), after two exposures to a high concen¬ 
tration of monocalcium phosphate, retained approximately 2.5 grams of 
PO4. This would require that between 25 and 30 per cent of the iron in 
the clay fraction be active and .free to combine. If the soil had been 
treated with moi-e phosphate, more PO 4 , would probably have been fixed. 

Unpublished data" indicate that normal citric acid removes approxi¬ 
mately one-third of a gram of iron from 100 grams of this soil. Assuming 
that this is all the iron that is free to react with PO4, it could ct)mbine 
with only about 0.6 grams of PO4. The soil actually retained more than 
four times this amount (table 6 ). The pH of normal citric acid is 1.82, 
which is much below pH 4.26, the pll of the filtrate after fixation from 
the high concentration of monocalcium phosphate; and that much acidity 
should bring into solution, if not all, at least most, of the iron which is 
free to react with the phosphate to form FePO* or the iron phosphate 
complexes. 

• Hagan, B. M. Physiologieal deficiency in noils as related to meclianisni of phos¬ 
phate release. Unpublished manuscript. 19,37. 
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The active iron that could be instrumental in the fixation process must 
be of a hydrous oxide form and have sufficient surface exposure. In view 
of the amount dissolved by citric acid, iron of this eliaracter could 
scarcely be present in sufficient amount. 

After the soil is f>:round in the ball mill, its ability to fix phosphate in¬ 
creases very greatly, which would indicate other factors are entering into 
the problem of phosphate fixation in this soil. 

The fixation capacity is extremely high, and therefore saturating the 
soil with phosphate would apparently be impractical. When a heavj^ ap¬ 
plication is made, ho'wever, some phosphate is left for plant use. 

TABLE 6 

Phosphate Fixation by Aiken Clay Ia)am with Two MoNocALnuM 
Phosphate Treatments 


Sample 

P 04 added 
(each j 

treatment) 

PO 4 in 


PO 4 fixed i>er 100 erants of soil 


No. 

filtrate 

First treatment 

Second treatment 

Total 


mg 

mg 

mg 

per cent 

mg 

1 

per cent 

1 

mg 

per rent 

1 

25 2fi 

0 35 

24 20 

96,16 

23 61 

93 47 

47 90 

94 81 

2 

125 fll 

2 55 

123 36 

97 97 

109 00 

86 57 

232 36 ; 

92 27 

3 i 

H24 H5 

152 61 

472 24 

75 58 

275 41 

44 08 

747 65 

59 83 

4 

3.125 7« 

1.603 93 

1,431 83 

!_ 

45 81 

1.036 65 

33 16 j 

1 

2.468 48 

39 49 


The low figures secured with the acid treatments on the fertilized soil 
(table 5) indicate a high degree of fixation and precludes the presence of 
much calcium phosphate. These data, however, do not tell where the fix¬ 
ation took pla<*e in the soil (*oluinn. 

Sin(*e NaOlI extracts give large figures for iron, aluminum, and col¬ 
loidally formed phosphates, they can be used to determine in which soil 
layers the fixation occurred. The data in table 4 show that extreme fixa¬ 
tion took place in the surface % inch of soil and in no case was there any 
appreciable penetration of the applied phosphate below a depth of 2 
inches. 

The larger particles of fertilizer appear to have some advantage over 
the finer particles in retaining their phosphate as calcium phosphate in 
the soil. This is indicated by the acid-leaching data given in table 6. Be¬ 
cause of the limited leaching, these figures cannot be taken as the total 
amount of (*alciurn phosphate present, but they represent a high per¬ 
centage of it. 

A concentrated 11 Cl digestion of the coarse x)articles which were re¬ 
moved from the a(*id-leached soil showed that they contained a total of 
21 mg of P(> 4 . Hence, the coarse particles after a week’s contact with 
moist soil retained less than one-third of their original phosphate content, 
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INVESTIGATIONS WITH KAOLINITB 

The failure to secure an increase in released PO 4 (table 3, p. 351) when 
the soil was extracted with IICl at pH 2 and lower (the reaction at which 
phosphated iron hydrosol and iron phosphate are both soluble) lead to 
an investigation of the type of clay present in the soil, and its capacity to 
remove phosphate from solutions. X-ray investigations showed that the 


TABLE 7 

The Retention or Phosphate bt Cedshed Kaolinitb 
(Snspensiott* shaken 1 hour) 


Test No. 

Weight of 
kaoiinite 

PO 4 added 

PO 4 fixed 
per 100 ^ramn of 
kaolinite 


grams 

mg 

mg 

1 

25 

23 33 

25 0 

2 

20 

17.57 

23 7 

3* . . 

20 

8.79 

22 5 

Average 



23 7 


• 1.0:5.0 suspension for tests 1 and 2, 1.0:2.5 suepension for test 3. 


clay was kaolinic in character (fig. 3. B). Data presenled on jiage 350 
show it to have a low silica: sesquioxide ratio. 

Ketention of Phosphate hy Crushed KaMiniic .—Since the clay was so 
identified, samples of crushed kaolinit.e were tested for their ability to fix 
phosphate from a 1:5 suspension of dilute monocalcium phosphate. The 
shaking was for a l-hour period. 

The results are recorded in table 7. 

The rather coarse kaolinite used fixed PO 4 at. the rate of 23.7 mg per 
100 grams. This establishes a rather high fixing power even for fairly 
coarse kaolinite, and immediately suggests a probable source of fixation 
for soils (containing kaolinite) whose fixing capacity cannot be assigned 
to precipitation by calcium or to mutual precipitation with iron or alumi¬ 
num hydrosols. 

The Effect of Grinding .—In an experiment to determine the effect of 
fineness of kaolinite upon the quantity of PO 4 fixed, a sample of 125 
grams of kaolinite was placed in a ball mill for 6 days. At the end of this 
time all but 50 grams was removed. The 50-grani charge war left in the 
mill, and at intervals 1-gram samples were removed. The ability of the 
various samples ground for different periods of time to fix phosphate was 
determined. In making this determination, 1 -gram samples were placed 
in small bottles with 50 cc of KH 2 PO 4 solution containing 6.8 mg of PO 4 
per cc and having a pH of 4.47. The suspensions were shaken on a roller 
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for 100 hours. They were removed and allowed to settle for 1 day, when 
the phosphate content of the supernatant liquid was determined. 

The restdts are recorded in table 8 . Grinding increased immensely the 
capacity of the kaolinite to retain phosphate. Since the kaolinite in the 
soil is in a finely divided condition, it must have a great capacity to fix 
phosphate. 

The Effect of Reaction an Indicated hy Leaching .—A solution of 
KH 2 PO 4 was modified by the addition of NaOII and water so as to give 



Fig. 3.—X-ray photographs: Ay of the kaolinite used in the experiments; 
By of the Aiken colloid; C, of a referee sample of kaolinite. 


solutions having pll values (d‘ 4.54, 6.23, 6.43, and 7.90. Each of these so¬ 
lutions had the same K and PO 4 content (1.1 and 2.8 mg per cc, respec¬ 
tively), but the sodium content varied according to the amount of NaOH 
necessary to change the pll. Kaolinite, which had been ground in a ball 
mill for 5 days in a 150-gram charge and then 2 daj's in a 75-gram charge, 

TABLE 8 

The Effect of Grindino Kaolinite on Pho.sphatf, Fixation 
(1; .50 susjtensjon with KHjPO. solution per 100 cc; 
shaken 100 hours) 


t 

of chat gt* 

Cumulative 

fCrindiiiK 

1 tune 

1 

nil of 
filtrate 

PO 4 fixed 
()er 100 Krams 
of kaolinite 


itrams 

days 

Storer<M>m 

pH 

mg 



Ham pie 

4 59 

822 

125 


G 

5 43 

4,752 

50 


7 

5 03 

0,332 

49 


8 

5 09 

8,114 

4K 


12 

5 72 

9,104 

47 


15 

5 78 

10,292 


was weighed out in four 10 -gram lots, placed in beakers; and 100 cc of 
solution was added, a different solution being placed in each beaker. The 
beakers and their contents were warmed in a water bath at 70° C for 3 
hours. The .suspensions were filtered with suction. The residue was then 
washed with three additional portions (15 cc, 50 cc, and 25 cc) of the 
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same phosphate solution as had been used earlier. The PO 4 content of 
the solutions less that in the filtrates was considered as the phosphate 
fixed by the kaolinite. The results are given in table 9. 

The Effect of Reaction as Indicated by Equilibrium Study with PO^ 
Constant. —One-gram samples of kaolinite, which had been ground in a 
ball mill for 7 days in a 75-gram charge, were suspended in 50-cc portions 
of solutions of KHjPO^ with different pll values. This amount of phos- 

TABLE 9 

The Fixation of Phosphate at Various Reactions 
BY Kaolinite and Its Influence on the 
Reaction op the Filtrate 


Reaction 

PO 4 fixed 
per 100 grama of 
kaolinite 

K fixed 
(>er 100 giania 
of kaolinite 

Original 

Holution 

Filtrate 

pU 

pH 

mg 

mg 

4 54 

0.20 

1,956 7 

342.5 

6 23 

0 40 

1.243.3 

491 7 (?) 

6 43 

0 40 

863 8 

409 3 

7 90 

1 

7 24 

274 9 

452 9 


phate .solution contained 98.55 mg of PO 4 . The pH was adjusted by the 
addition of KOH. The suspensions were shaken for 6 liours, and after 
standing 1 day, the supernatant liquid was analyzed. 

The results are summarized in table 10. 

The Effect of Reaction as Indicated by Equilibrium Study with Both 
K and PO^ Constant .—Solutions of Hj,P() 4 , KOII, and KCl were mixed 
and made to volume to give solutions with different pll values but with 
a constant PO 4 and K content:50 ee contained 18.‘1.8 mg of K (except 
where otherwise noted) and 160.7 mg of POj. One-gram samples of 
kaolinite ground as in the preceding experiment were suspended in 50 cc 
of each solution. The suspensions w'ere .shaken for 20 hours, then «*en- 
trifuged, and the supernatant liquid analyzed immediately. The results 
are given in table 11 . 

The Effect of Cuncc7itration on Phosphate Fixation .—The effeet of the 
concentration of KH„P 04 on phosphate fixation was studied in connec¬ 
tion with different amounts of kaolinite which had been ground in a ball 
mill for 7 days. The total volume of solution was 25 cc in all cases. The 
kaolinite was weighed out in series of 1.0-gram, 2.5-gram, and 5.0-gram 
samples and one sample of each weight Avas added to eaidi KIL.PO4 solu¬ 
tion. The suspensions were shaken for 12 hours, allowed to stand 7 days, 
filtered, and the filtrates were analyzed. The results are given in table 12. 

The Effect of Heating .—According to sev'eral investigators {24, 39), 
kaolinite breaks down when heated to 450-500° C. This does not neees- 
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sarily mean that the new complex would not be able to fix phosphate, 
however. 

Two 1 -gram samples of kaolinite ground in a 15()-gram charge for 5 

TABLE 10 

The Fixation of Phosphate by Kaolinite in an Equilibrium System 


Reaction 

Content of solution* 

Content of filtrate 

Amount fixed per 

100 grams of kaolinite* 

Oriffinal 

Bolution 

Filtrate 

K 

PO 4 

K 

PO 4 

K 

PO 4 

pH 

pH 

mg 

mg 

mg j 

mg 

mg 

mg 

4.56 

6 12 

38 45 

98.55 

34 19 1 

79 30 

426 

1.925 

6.66 

6 80 

52 99 1 

98 55 

45 18 

87 17 

781 

1,138 

7.70 

7 62 

71 45 

__1 

98 55 

62 27 

95 20 

918 

335 


• A 50-«* portion of Holution shaken with 1 xrain of kaolinite. 

days in a ball mill were weighed out. One of these was heated to 500° C for 
70 horn's; the other was left unheated. Baeh wa.s shaken with a solution 
of KHjPO^ (pH 4.60) containing 98.55 mg of PO 4 for 18 hours, and the 
amount of PO^ fixed in each case was determined. There was no appre¬ 
ciable difference in the amount of PO^ fixed, each fixing ap])roximateJy 
1,000 mg per 100 grams. Tlie loss in weight during the heatijig period was 
0.1845 gram. The pH of the filtrate after fixation in each case was 5.78. 

TABJLE 11 

The Fixation or Phosphate prom Soi.utions Havino Dikeerent pll Values, 
BUT Where the K ano PO. Contents Were Kei*t Constant 



React n>n 


K fixed f)ei 
100 graniH of 

PO 4 fixetl 

Amount 
of K in 

- ' 


Source of K 

per 100 
glams of 

solution 

Solution 

Filtrate 


kaolinite 

kaxilinite 

mg 

pH 

I 1 87 

pH 

3 15 

None 

mg 

mg 

13.770 


i 1 90 

3 07 

100 iKT (*ent KCl 

691 

13.687 

183 S 

1 

j 5 41 

5 91 

60 per cent KC'l. 40 pei cent KOH 

475± 

3 068 

j 6 88 

6 8.3 

40 per cent KC'l, 60 i.)er cent KOH 

423i 

2,281 


1 10 09 

8 03 

20 per J'ont Kt'l, 80 pei cent KOH 

1,105 

619 


[ 12 24 

10 51 

100 pei cent KOH 

2.248 

None 

36 8 

( 1 S5 

3 05 

100 i>er cent KCl* 

162 

13.646 

1 2 31 

5 15 

100 tier cent KOH* 

529 j 

1 

9.529 


* Oiic-fifth the K content of the others. 

In another ca.se wliere 1 gi'am of kaolinite was heated at 450- 550° C 
for 50 hours and subjected to shaking for 100 hours in contact with 50 cc 
of KH2PO4 solution (pH 4.48) containing 482.4 mg of PO4. it fixed 53.6 
mg of PO 4 as eompared with 67.2 mg fixed by an unbeated sample. The 
pH of the filtrate from the unheated sample was 5.87. 
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2.5-fram 

sample 

.1.00 

1 27 

1 19 

1 21 

1 03 

l.O-ffram 

Q> 

'E 

g 

£ 

§ 2 *J2 

S 

'H. 

S 

t 

g 

^ § g S 2 

^ CO ^ O eo 

Oj ^ C“^ 

S 

08 

O 


I- M Q 

00 uo 
« «C 04 •M t’- 

^ oi r-i' .-7 

rS 

£ 

g’ 

mg 

13 604 

7 274 
4,S76 

2 634 

99 

X 


mg 

4 411 

2,605 

1 662 

1 050 

s 

g 

— Q C» CO 

CO O CO »o 

JO OI I- Oi 

^ oo CO «3r> CO 

A 

& 

6 

j 

CO ^ 

g 

CO C© o» 

o eo CO 

^ CO jO »C O'! 
g lO O *(0 


O ao CO 

55 S5 2 

O cC Cl 

£ 


ch CJ> CO 
nC CO CO »<o 

^ CO CO O CO 

£ 

St if 

2'S. 

«E 

pH 

6 30 
Lost 

6 14 

6 25 
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Heating to 500° 0, which destroys the crystal structure as revealed by 
X-ray data, apparently has little elfect in reducing the capacity of 
kaolinite to fix phosphate. 

The Effect of Time .—Time (6^, 14,22) has been shown to be of consid¬ 
erable importance in phosphate fixation. This was studied by using two 



Fig. 4.—The relation between hydrogen-ion coneontration 
of equilibrium solution and phosphate fixed. (Data taken 
from table 18.) 


S-grain samples of finely ground kaolinite suspended in 50 cc of KII.PO^ 
solution. ()ne of the suspensions was shaken for 4 hours and 1 he other for 
5 days. 

The resuHs are recorded in table 13. The data show very clearly that 
time is an element of im]iortance in the fixation pro<‘ess, but even so, the 
fixation after a short exposure is of considei’ablc magtiitude. 


TABLK t.t 

The tNKi.rKNcE or Time ox Pho.spuate Fixation by Kaoi.inite 



'I’lllU* Ilf C*X|HIHUtC‘ 

POi m oiifiinal 
solution* 

POi m filtiate 1 

PO 4 fixed per 5 
mranis of kaolinite 

4 hours 

5 s 


mg 

1.242 32 

1.242 32 

mg 

928 72 

5fi0 22 

mg 

313 60 

682 10 


• Shaken with 5 Kruin.s nf kaniunfe. 


The Effect of Jteyree of iSai urn twit with Re.<>pect to PO^ on Cation. 
Exchange (Uiparify. —“Kaolinite phosiihates’’ of ditferent degrees of 
saturation were made by suspending ground kaolinite in solutions of 
KII^PO^ of different concentrations. After adsorption, the samples were 
filtered, and the residues were Yvashed with distilled water and air-dried. 
The degree of phosphate .saturation of the kaolinite samples Avas deter¬ 
mined by analyzing the solutions before and after exposure. The base- 
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exchange capacity of the “kaolinite phosphates” was determined the 
usual neutral normal ammonium acetate method used in the Plant Nutri¬ 
tion Laboratory. The results are shown in table 14 and in figure 5. 

TABLE 14 

The Base-Exchange Capacity op “Kaolinite Phosphates” op Dippekent 
Degrees op Phosphate Kathration 


Material 


Exchange capacity 

PO 4 fixed 

Type 

PO 4 per 
grain 

Per 100 
grains 

Increase per 
100 grams 

t>er 100 grams 

Kaolinite 

mg 

0 0 

equivalents 
26 85 

equivalents 

millimole 

“Kaolinite phosphate” 

14.55 

31 92 

6 07 

15 31 

“Kaolinite phosphate” 

20 45 

34 96 

8 n 

21.62 

“Kaolinite phosphate” 

36 37 

41 05 

14 20 

36 29 

“Kaolinite jihosphate” 

64 68 

50.68 

23 83 

68 08 


The Effect of the Oxalate Ion on the Adsorption of Phosphate hy 
Kaolinite. —One-gram samples of ground kaolinite were treated with 
different ratios of O.IA'' II;,P ()4 to O.liV oxalic acid. The total volume in 
all cases w'as fiO cc. The suspensions were shaken for 6 hours and the phos¬ 
phate and oxalate ions in the filtrates were determined. The oxalate ion 

TABLE 15 

The Fixation op Pho.sphate in the Presence and Abseni’e 

OP THE OXATATE lON 
(1 gram of kaolinite used) 



With oxalate ions present 

W'lth no oxalate ions 

H 3 PO 4 

Amount 
of oxalic 
acid 

A1 in solution 

Reaction 

of 

filtrate 

PO 4 fixed 
pel gi am of 
kaolinite 

C '204 fixed 

Reaction 1 
of 

filtrate 

PO 4 fixed 
per grain of 
kaolinite 

cc 

50 0 

cc 


VH 

mg 

mg 

VK 

3 42 

mg 

134 32 

37 5 

12 5 

4-+ 

3 28 

72 35 

? 

3 79 

105 66 

25 0 

25 0 


3 42 

20 21 

2 20 

4 06 

71 63 

12 5 

37 5 

+ 4+4- 

3 13 

0.28 

None 

4 80 

34 99 

0 0 

50 0 

4+4-4-+ 

2 62 

-0 39 

2 20 




in an H 2 SO 4 solution was titrated against standard potassium perman¬ 
ganate. The aluminum content of the filtrates was qualitatively studied. 

In another series no oxalic acid was added, but the same amounts of 
O.liV HaP 04 were used as in the various mixtures with the volumes made 
up by adding distilled w^ater. The filtrates from the latter series con¬ 
tained only a trace of aluminum. A comparison of the results is given in 
table 15. 
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In a study of KII 2 PO 4 and oxalic acid systems at the same pll values, 
three different solutions were made to a pll of 4.8-4.9 as follows: 

Solution 1.—50 cc of KHjPO* solution + 60 cc distilled water. Solution 2.—^50 cc of 
KHjPO* solution + 50 ce 0.1 iV oxalic acid 4 4.6 cc water + 5.4 cc N KOll. Solution 
3.—50 cc of O.ljV oxalic acid 4 54.8 ce water 4 5.2 cc ^ KOH. 

A l-}rram sample of kaolinite was suspended in 50 ce of each of these 
solutions. The suspensions were shaken for 4 hours and allowed to stand 
12 hours before eentrifuginK. The filtrates were analyzed and the results 
tabulated (table 16). There was no aluminum present in any of the fil¬ 
trates, as observed from ammonium hydroxide precipitation. 



Fig, 5,—The relation of phoHphate fixation by kaolinite to 
inereuse in base-exchange capacity. 


The presence of the oxalate ion decreases the amount of phosphate 
fixed. In the previous experiment (table 15), this was probably due to 
the breakdown of the kaolinite (as evidenced by the aluminum in solu¬ 
tion) because «)f the low pll of the initial solution. In the case of the 
experiment with Kn._,P ()4 (table 16), there was no apparent decomposi¬ 
tion of the kaolinite, yet there was much less phosphate fixed. The exact 
reason for the decrea.se in pho.sphate fixation is not apparent in this ease. 

Disemsion of Kaolivitc Investigations .—Kaolinite wdien finely ground 
(table 8 ) has great capacity to fix phosphate. The hydrogen-ion concen¬ 
tration is an important factor in the fixatioii process, but since the fix¬ 
ation is of great magnitude in the reaction range of agricultural soils, 
any soil possessing a kaolinie clay will exhibit this fixing power to a high 
degree. The fixation decreases as the OH-ion concentration increases 
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(tables 9,10,11,13); at hi^h pll values (table 11) the kaolinite complex 
is unable to adsorb phosphate. This is in opposition to cation fixation by 
kaolinite, which increases with increasing OH-ion concentration. 

Since the magnitude of the fixation of phosphate is greatest in the acid 
range, the H 2 PO 4 ion must play a considerable role. As indicated by 
figure 4 and data (table 17) prepared by Buehrer (4), as long as the 
hydrogen-ion concentration is sufficient to permit the presence of the 
H 2 PO 4 ion, phosphate is fixed. At the higher j)!! values, the increased 
fixation of K (cation) lowers the pH of the filtrate. When the drop in pH 

TABLE 16 

The Fixation of Phosphate and Oxalate Ions from Solutions 
Having an Initial pH of 4.8-4.9 
(1 gram of kaolinite used ) 


PO 4 added 

C 2 O 4 added 

Fixation per grutn of kaolinite 



PO 4 

t',04 

K 

mg 

mg 

mg 

mg 

vt.g 

47 85 

0 0 

13 93 


4 54 

47.85 

100 0 

7 37 

2 2 

6 82 

0 (M) 

100 0 


2 2 

Not determined 


(increase in liydrogen-ion concentration) is not sufficient to bring about 
the formation ot* the H 0 PO 4 ion, the magnitude of phosphate fixation is 
small. Hence, the fixation is roughly proportional to the jicrcentage of 
H 2 PO 4 ions in the solution. The fixation of some pliosphate in the pH 
range of 8 to 10 indicates that IIPO 4 ions enter into the process to some 
extent. 

The con(*ditration of the phosphate solution (table 12) has an influ¬ 
ence on the degree of phosphate saturation of the kaolinite. The higher 
the concentration the more nearly saturated will the kaolinite complex 
become. When a small amount of kaolinite is suspended in a concentrated 
phosphate solution, it fixes a relatively large amount of the soluble jihos- 
phate, while a large amount of kaolinite will fix practically all of the 
phosphate if the quantity of soluble iihosphate is not extremely great. 
This has a practical application in the use of the phosphate fertilizers on 
soils having this type of clay. 

As the kaolinite complex increases in jihosphate content, its base- 
exchange capacity increases proportionally to the amount of phosphate 
fixed (table 14 and figure 5). Mattson (27-30) showed that phosphated 
sesquioxides possess a high cation-exchange capacity, and that certain 
soil colloids possessed this increased exchange capacity when they had 
adsorbed phosphate. This he attributed to an increase in tlie acidoid con- 
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tent of the complex through the adsorption of a polyvalent ion. The data 
in table 14 substantiate the results of Mattson. Since the data further 
indicate the importance of the H2PO4 ion and IIPO4 ion at the higher pH 
values, one of Ihe possible reactions is as follows: 11 CH. COONII4 1 HO 
fSi(OII)„,All 1I2P04-»NII40 |Si(OII)„,All {KU,).v6, 011,00011. 

The (Oll)ni designates OH groups whicli are nonreactive under the pre¬ 
vailing conditions. 

When the pH of the extract ing solution is soniewliere below j)!! 1 .5-2.0 
and the ratio of solution to kaolinite is great (mass action), the kaolinite 

TABLE 17 

Concentration or J^iiospiiate Ions in Solution at Various 
IIydro<{en-Ion Concentrations Based on an Assumed 
Total ('Concentration or 1 Part per 
Million* of PO4 


pH 

H 3 PO 4 

H 2 PO 4 - 

HPO 4 -- 

~— - j 


p p rn 

p.p.m. 

p,p.m. 

p p.m. 

3 

0 084 

0 92 

t 

t 

4 

0001 

90 

0 0019 


5 

00089 

98 

0194 


0 

0 00070 

79 

104 


7 

t 

33 

00 


S 


048 

94 


Q 


0 00495 

98 

0 00035 

10 


t 

0 99 

0 0035 


* From BtH*hr«M U) 

t Tho blank Huares denote iiisiKiuficaut vuluns f»)r the pui pose involved. 


bpgiiis to break down, anti as a result, its ability to fix phosphate de¬ 
creases. When the pH approaches a A’alue of 1, there is a complete loss 
of ability to fix phosphate. This effect was produced when a ]-{rram 
sample of kaolinite was shaken for 10 hours with 50 cc of HCl of pH 1.2. 
The filtrate had a hifrh aluminum content. The residue fixed very little 
phosphate, either from a .solution of II.{P 04 (pH 1.9), or from a solution 
of KlLl’O, (pH 4.3). Before treatinfr with the IICl, a .sample of the 
orijrinal kaolinite fixed between 140 and 160 mg of PO. per {?ram. Ap¬ 
parently a breakdown of the kaolinite took place in the oxalic-acid and 
H;,P 04 series. The initial acidity was such that it broke down some of the 
kaolinite and iirevented as much fixation as occurred when only H;,P 04 
of pH 1.9 was used. The oxalic, acid had a pH of 1.6 and the pH of the 
II 3 PO 4 and oxalic acid mixtures must have been somewhere between 
these values. 

Decomposition also occurs when the concentration of OH ion becomes 
sufficient. A O.IA NaOH solution decompo.ses kaolinite to a slijiht extent. 
When the KOII and O.LV H 3 PO 4 mixture (pH 12.2) was used with 




366 


Milffardia 


[Voh. 12, No. 5 


kaolin, a slight decomposition occurred, as evidenced by the fact that 
a small amount of aluminum went into solution. The equilibrium pH was 
10.51. No aluminum was found in the filtrate from the KCl-KOH-HjtPO* 
(pH 10.0) treatment of kaolinite. In this case, however, the final pH 
dropped to 8 . 0 . The data indicate that a wide ratio of solution to kaolinite 
and pH values of 10 or above are necessary before there is any appre¬ 
ciable decomposition on the alkaline side. The data indicate that the 
decomposition of kaolinite occurs at pH values outside the range for 
agricultural soils or for plant growth. Furthermore, any phosphate the 
kaolinite fixes, especially from a phosphate solution of low concentration 
(which would be the case in the soil even with liberal phosphate fertiliza¬ 
tion), is of low availabilitj'’ for plant use. 

The exact effect of the oxalate ion is not clear. Russell and Prescott (4^) 
found that dilute acids removed phosphates from a soil in the following 
order: 0.3.Voxalic>0.1A" citric>().liV U.SO^> 0 .HV HN(), = 0.1.V IICl; 
and that soils adsorbed phosphorus from sodium phosphate readily in 
the presence of HCl and HNO^ but to a notably less extent in the 
presence of an equivalent concentration of citric acid. They infer that 
acids like citric and oxalic satisfy the adsorption capacity of the soil and 
leave it with little power to take up phosphoric acid. Demolon and Bas- 
tisse (8) found that the presence of citrate and oxalate ions reduced the 
amount of P^O., fixed by a soil. No data were presented to show the fixa¬ 
tion of the citrate or oxalate ions though a partition of these ions to the 
phosphate ion was given as a reason for the lower power to fix ])hosphate. 
Liehtenwalner, Plenner, and Gordon (^5) found that citric acid had no 
effect in removing phosphate which had been fixed by an iron hydrogel, 
but it peptized the aluminum hydrogel and removed some adsorbed phos¬ 
phate from the latter. Weiser (49) reported that organic matter was ap¬ 
parently effective in deactivating iron- and aluminum-fixing materials. 

The data presented in tables 15 and 16 substantiate the above obser¬ 
vations that the preseiice of oxalate ions (or organic matter) reduce 
phosphate fixation, but they do not substantiate a strict stoichiometric 
relation in the fixation process. 

COMPARISON OP KAOLINITE WITH OTHER CLAY 

MATERIALS 

One-gram samples of kaolinite and Il-bentouite were shaken intermit¬ 
tently for 1 week with 50 cc KH^,P 04 solution containing 98.55 mg of 
PO 4 . The suspensions were centrifuged, and tlie clear filtrates were 
analyzed. One-gram Volclay*' samples were shaken continuously on a 

“ Volclay is a trade name for bentonite found near Belle Fourehe, 8. I)., and sup¬ 
plied by the American Colloid Company. 
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roller for 24 hours with a similar solution and allowed to stand 2 days 
before bein^ centrifuged. 

TABLE 18 

The Fixation op Phosphates bt Dipperent Clay Materials 


Reaction* 

PO 4 fixed 
rier 100 grams 
of kaolinite 

PO 4 fixed 
per 100 grams 
of H>bentonite 

PO 4 fixed 
per 100 grams 
of Volclay 

Original 

solution 

Kaolinite 

filtrate 

pn 

pH 

mg 

mg 

mg 

4 fi4 

6.10 

3,384 

1,610 

689 

6 08 

6 36 

3,066 

1,407 


6.38 

6 64 

2,769 

1,306 


6 76 

6 86 

2,452 

1,407 

516 

9 22 

7.86 

980 

762 

295 


• The pH of the H-hcjntonite and Vololay filtratca wa« not detei mined. 


The data on fixation are given in table 18. Apparently kaolinite has a 
much higher capacity for fixing phosphate than has bentonite. Soils in 
which the clay is of a kaolinic character would therefore require a higher 
rate of pho.sphale fertilization in order to give increased yield if the 
kaolinite is finely divided. 

(IREENlIOrSE TESTS OF PHOSPHATE FERTILIZER 
ON AIKEN CLAY LOAM 

The Effect of Kate and Placement .—Two dilTerent rates of application 
of superphosphate were used in these experiments—280 pounds and 
2,800 pounds per acre. Each 2-gallon glazed earthemvare }n)t contained 
8,000 grams of Aiken clay loam. No drainage was allowed to occur from 
the pots. In one series the phosphate was thoroughly mixed with all of the 
soil; and in the other series it was mixed with the upper 3,000 grams. 
The phosphate was applied only once, at the beginning of the experiment. 
At each planting date, 25 cc of M Ca(NO;,Lj and a like amount of M 
KNO;, were added to each pot. Tomatoes, barley, and vetch were used as 
the major crops, with biu'kwheat introduced in cases wdiere the other 
crops were failures or did not seem to be giving much growth. All treat¬ 
ments were in triplicate. 

'I'lie plants were harvested when the first blossoms api>eared. Only the 
tops of the plants were used in determining the phosphate removed. The. 
roots w'ere left in the soil. 

Tomatoes were a failure with the lower application of phosphate, and 
barley did not grow very well; hence, buckwheat was substituted later. 
Prom the data (table 19), buckwheat appears to be able to do much bet¬ 
ter than either tomatoes or barley. This is in accord with general field 




368 


BUgardia 


fVOL. 12, No. 5 


observations. All of the crops were able to make a fair growth when the 
rate of application of superphosphate was 2,800 pounds per acre. In a 
general way, the data bear out the conclusion that the efficiency of super¬ 
phosphate is slightly higher where locally placed in the soil. The results 
also show that for some crops a nominal application of superphosphate 
(280 pounds per acre) on this soil is valueless, and to get response for 


TABLE 19 

The Recovery or Phosphate from Aiken ri.AY Tjoam by Various CTropb 
(A verages of triplicate treatments) 


P applied 

Crop sequences* 

P recovered 

Total P recovered 

Major crop 

Buckwheat 

Amount 

Porcentagof 

mg 


mg 

mg 

mg 

per cent 


[TTBu Bu 

0 07 

4 98 

5 05 


0 

]bBBBu 

1 61 

1.28 

2 89 



[v V W 

10.38 


10 38 


125.75 mixed 

fTTBuBu 

0.19 

9.51 

9 70 

3 70 

throughout 

j B B B Bu 

15 62 

If) 00 

31 62 

22 85 

soil 

[v V V V 

28 46 


28 46 

14 38 

125 75 in 
upper layer 

fT T Bu Bu 
-iBBBBu 
[v V V V 

0 49 

11 57 

31 08 

11 68 

9 47 

12 17 

21 04 

31 08 

5 66 

14 43 

16 46 

1,257.5 mixed 

1 Tomatoes (4 crops) 

76 54 


1 

76 54 

I 6 08 

throughout 

^ Barley (4 crops) 

67 80 


67.80 

1 5 22 

soil 

(Vetch (4 crops) 

105 19 


105 19 

7 54 

1.257.5 m 
upper layei 

(Tomatoes (4 crops) 

■s Barley (4 crops) 

(Vetch (4 crops) 

134 65 

109 80 

119 92 


134 65 

109 80 

119 92 

10 70 

8 56 

8 71 


• T~Toniatoef». B = BarIey, V*Vetch, and Bu~Buckwheal 

t The percentage recovery is calculated after deducting the anirnint of phtwphorus piesent in rropa 
giown on unfertilized soil; in the case of 4 crops of tomato€*s or barley, the deduction is based on the 
assumption that the lecoveiy by 4 crops is proportionate to that by 2 or 3 crops. 


these crops, large applications mnst be made. Investigations (4.y) liave 
shown that for certain soils small applications of soluble phosphate fer¬ 
tilizers give no response, while a much higher rate of application often 
gives good results. 

The Effect of Soil Reaction .—The reaction of the Aiken clay loam was 
modified by the use of dilute H-SO 4 , CaCO,, and Na^tM),,. The CaCO, 
and Na^fKlg were mixed with the soil by rolling the soil back and forth 
several times. The dilute II 2 SO 4 was sprayed on thin layers of the soil; 
after which the soil was allowed to come to equilibrium with the acid. 
The acidulation process was repeated until the equilibrium mixtures 
had the desired pll. Triple superphosphate at the rate of 2,800 pounds 
per acre was thoroughly mixed with the soil. This was equivalent to 
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3,142 mg of phosphorus per 2-gallon pot holding 8,000 grams of soil. All 
treatments were in triplicate. 

TABLrE 20 

The Effec t of liEACTiON on the Recovery of Appljed Phosphate 
TO Aiken CiiAY Loam 
(Averages of triplicate treatments) 



1 Tomatoes* 



Barley* 



Vetch* 


Reaction of soil 

Total 

yield 

P recovered 

Total 

yield 

P recovered 

Total 

yield 

P lecovered 


Amount 

Per 

centt 

Amount 

Per 

centt 

Amount 

Per 

oentf 

pH 

4 0 

grams 

0 00 

rng 

per cent 

grams 

0.00 

mg 

per cent 

grams 

0 00 

mg 

per cent 

5 0 

44 50 

03 71 

2 08 

46.66 

120 21 

4 11 

17 00 

36 21 

1 15 

6 4 

76 05 

145 00 

4 64 

31 77 

88 65 

2 82 

16 81 

42 55 

1.35 

6 OX 

7 8 

UaCO.i8 

74 75 

166 12 

5.20 

72 76 

165 61 

5 27 

32 47 

65 00 

2 10 

70,53 

158 17 

5 03 

66 03 

163 80 

5 21 

26 54 

57 34 

1.82 

NajCOil 

36 14 

81 12 

2 58 

73 07 

131 04 

4 20 

12 11 

30 80 

0.08 


* In all casen. exc<tr»t for tomatoen m the pH 6.4 8cn©H. 3 eiops ^ere riowu la the exception noted, 
onlv 2 crofm were fcrovvii durinjc the t>eriod of the experiment. 

t On Ihe boMiH of 3,142 mg of pho8phoru8 added per iK)t. No deductions were made for the soil, since 
other expelimentH indicated that this amount was negligible. 

t Natuial soil § KO giams per pot. ^ 400 cc M Na^COj per pot. 

Wliere NaoCO.^ was used, the soil had an undesirable physical condi¬ 
tion which tf^nded to prevent water penetration. As a result, aeration 
was deficient, especially after the addition of moisture to the soil. The 
data in geiit^ral (table 20) indicate that within the reaction range suit- 

TABLE 21 

The Effect of Source of Nitrogen on the IlEcovEaiY of Phosphorus 
FROM Triple Superphosphate by Tomatoes 
(Avornges of triplicate treatments) 


'rrent men t 

Yield 

_ _ _ 1 

Total P recovered 

Fir.st croji 

Second crop 

Third crop 

Amount 

Per cent* 

Tuple super plm^phute oiilv 

Triple.superphosplmle 4“ (NlbbStL 
Triple suj ►el pho.sphate4*('u{N()<)» 

grams 

23 72 
34.66 

36 01 

grams 

3 44 

26 02 

29 02 

grams 

4 82 

7 72 

11 76 

mg 

107 02 

156 13 

159 91 

per cent 

3 41 

4 07 

5 09 


* On the btiHis (»f 3,142 mg of phosphoruM added i>er |K)t No deductions w'ere made for that furiiiHhed 
hy the soil without fertilization .since other ex|^»erinients indicated this wa« negligible. 


able for crop production, there is little to choose. Appareutly a reaction 
between pll G and pll 7 is most satisfactory, and nothing would be 
gained in the Aiken clay loam by changing the present soil reaction. 

The Effect of Source of Nitrogen .—Triple superphosphate at the rate 
of 2,800 pounds per acre was thoroughly mixed with virgin Aiken clay 
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loam. This was equivalent to 3,142 mg of phosphorus per 2-gallon pot 
holding 8,000 grams of soil. In some eases, the nitrogen was supplied as 


TABLE 22 

The Effect of a Good Starting Medium on Phosphate Kemoval by Tomatoes 
(Averages of triplicate treatments) 


Seriefl 

Medium of grow’th' 


Yield 

1 

P in crops 

First crop 

Sectond crop 

Third crop 

1 

5,000grams Aiken clay loam beneath 3,000 

grama 

grams 

grama 

mg 

2 

grams Fresno . 

5,000 grains sandf beneath 3,000 grams 

22 91 

16 42 

9 64 

89 64 


Fresno fine sandy loam 

14 50 

10 37 

3 22 

66 08 

3 

8,000 grams Aiken clay loam 

0 02 

0 05 

0 05 

0 10 

4 

8,000 grams Fresno fine sandy loam 

25 29 

26 96 

14 82 

178 92 


• Each pot received 25 cc of M Ca(NO.i )2 applied to the flurfat^ at each plantiiiR date, 
t At the heicinninK of the experiments and at the beginning of each succeeding cropping period. 500 oc 
of a solution 0.005 M in Ca(NOi) 2 , 0.006 M in KNOs, and 0.002 Af in MgS04 aero added to the sand; 2 cc 
of iron tartrate were also added. 

(NIl 4 )»S() 4 , and ill others as Ca(N 03 ) 2 . the bc};iiiiiing of {?ro\vth at 
each plantirij' date, 25 cc of M (NH 4 ) 2 S 04 or Ca(NC).j )2 was added. All 
treatments were in triplicate. Tomatoes were {rrowii on the soil. 

Where the triple superphosphate was used alone, the foliafre had a 
yellow color, which indicates nitrojreii deficiency, especially after the 
first period. Even the first crop showed some nitrogen deficiency. The 

TABLE 23 

The Kecovery by Tomatoeis of Phosphorus Supplied to Aikf.n (^i.ay Ta>am 
BY Superphosphate or Different Particle sizes 
(Averages of duplicate treatments) 


Size of particle 

Oven-dry 
weight of cror*s 

.\pplied 
phos))liorus 
iecovcre<l 
by plants 

liatio to 
granulated 

KUjajr- 

phosphate 


grama 

per rent 

/ 00 

Granulated superphosphate 

26 13 

7.32 

1 00 

Up to 10 mesh 

40 45 

16 22 

2 21 

10 to 20 mesh 

33 07 

11 95 

1 63 

20 to 60 mesh 

21 80 

5 90 

().«0 

60 to 100 mesh 

18.75 

5 09 

0 09 

100 to 200 rnesh 

10 89 

2 31 

0 31 

Finer 

11.65 

3 23 

0 44 


influence of the triiile superphosphate extended over two cropping 
periods where the nitrogen, deficiency was corrected (table 21), but be¬ 
yond this the applied phosphate had little effect. The third crop in all 
cases was very spindly and showed phosphate deficiency. No choice can 
be made between the use of (NIl 4 ) 2 S 04 and Ca{N 03)2 as the source of 
nitrogjen with triple superphosphate on this soil. 
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The Effect of a Good Starting Medium .—Three crops of tomatoes were 
grown in pots containing a total of 8,000 grams of Fresno fine sandy 
loam, Aiken clay loam, or combinations of these with each other or with 
sand. Series 1 consisted of 5,000 grams of Aiken clay loam placed in the 
bottom of the pot; on top of and unmixed with this were 3,000 grams of 



Fig. 6.—The influence of the size of miperphosphate particles on the growth 
of tomatoes on Aiken clay loam: Aj second crop; jB, sixth crop. The size of parti¬ 
cles of superphosphate applied to the various pots was as follows: a, coarser 
than 10 mesh ; h. 10-20 mesh; e, 20'-60 mesh; f?, 00-100 mesh; e, 100-200 mesh ; 

/, liner than 200 mesh. In series Ay pot g contained Aiken soil with no phosphate. 

Fresno soil. Series 2 consisted of 5,000 grams of acid-washed white sand 
in the bottom of the pot; on top of and uumixed with this were 3,000 
grams of Fresno soil. Series 3 Avas Aiken soil only. Series 4 was Fresno 
soil only. The Fresno and Aiken soils contained 0.16 per cent and 0.18 
per cent of total PO^ respectively. All treatments were in triplicate. 

The tomato plant Avas unable to make any growth on the Aiken soil, 
but it made a nice growdh on the Fresno soil (table 22). The root systems 
were extensive both in the Aiken soil beloAY the Fresno soil and in the 
sand below the Fresno soil; more phosphorus was recovered from the 
plants on the former than on the latter, but just how much of the extra 
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phosphorus liras taken from the Aiken soil cannot be determined from 
these data. The resxilts indicate that if the plant is given a good start, it 
can probably secure more phosphorus than it normally does from xmfer- 
tilized virgin Aiken soil. 

The Effect of Size of Superphosphate Particles .—Aiken clay loam in 
7,000-gram lots was placed in 10-inch pots and 2.8 grams of superphos¬ 
phate of various-sized particles were thoroughly mixed in the upper 
2,000 grams of soil. Nitrogen was supplied in the form of Ca(NOg) j and 
KNOj before planting each crop. Seven consecutive crops of tomatoes 
were grown in each pot without any further phosphate treatment. Treat¬ 
ments were in duplicate. 

Table 23 gives the condensed results. They indicate clearly that coarse 
particles are to be preferred over fine particles of superphosphate for 
such soils (fig. 6 ). 

GREENHOUSE TESTS OF COMPARATIVE VALUE OF 
SUPERPHOSPHATE AND “KAOLINITE 
PHOSPHATES” 

Samples of ground kaolinite were treated with different strength solu¬ 
tions of Kn 2 P 04 . After several hours of shaking, the kaolinite complex 
was thoroughly washed with distilled water to remove any occluded 
phosphate, and the PO 4 content of all of the leachates was determined. 
The difference between the PO* in the original solution and that found 
in the leachate was considered as fixed phosphate. The term “kaolinite 
phosphate” is used to designate the phosphated kaolinite. Three different 
degrees of saturation were secured with kaolinite treated as given above. 
These were used in sand cultures and compared with the phosphorus 
furnished by 1 gram of superphosphate. The amount of phosphorus fur¬ 
nished in all cases was made equivalent to that in the superphosphate by 
adjusting the amount of phosphated kaolinite. Each pot held 5,000 grams 
of pure sand. The phosphate was thoroughly mixed throughout the sand. 
To each container, after planting tomato seed, was added 800 cc of Hoag- 
land’s solution minus PO4. Five plants were allowed to grow in each pot. 
The growth period was of 45 days’ duration (January 7 to February 21, 
1938). The plants grown on the superphosphate treatment were in bloom 
at the time of harvest. The oven-dry weights of the plants were as follows; 

Total weight of plantfi, 


Phosphate used grams 

Superphosphate.*. 8.10 

“Kaolinite phosphate,” 64.0 mg PO 4 per gram. 2.40 

“Kaolinite phosphate,36.0 mg PO 4 per gram. 0.95 

“Kaolinite phosphate,” 14.5 mg PO4 per gram. 0.45 

None... 0.14 
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The comparative growth with the various treatments is shown in 
figure 7. 

The data indicate that the availability of the adsorbed phosphate 
varies with the degree of saturation of the adsorbed complex. If a light 



Fig. 7.—The comparative growth of tomatoes in sand cultures 
where the phosphorus is furnished as: a, superphosphate; bf 
strongly saturated ^‘kaolinite phosphate”; c, medium-saturated 
^^kaolinite phosphate”; d, weakly saturated ‘*kaolinite phos- 
phate.” 

fertilizer application is made on a soil, the phosphate of which is con¬ 
trolled by the kaolinite complex, there will be practically no response by 
certain crops. Only when the kaolinite is more highly saturated will the 
plant be able to secure its needed phosphate for growth, and even then the 
growth period must be of considerable length in order to secure full 
development of the plant. 

GREENHOUSE TESTS OP THE EFFECT OP VARIOUS 
COLLOIDS ON SUPERPHOSPHATE EFFICIENCY 

Greenhouse experiments were conducted with sand mixtures and ^iken 
clay loam mixtures in Mason quart jars. The total air-dry weight of 
material in each jar was 1,250 grams except in the case of the Aiken soil, 
where it was 8G0 grams. The treatments w'ere conducted in duplicate. 
The colloid and superphosphate were thorougldy mixed in the jar. The 
kaolinite used in the 1 per cent mixture had been ground in a ball mill 
for 7 days. The Volelay was 200-mesh material. The Aiken colloid had 
been pulverized in a mortar until it was quite fine. Natural Aiken clay 
loam was used without any previous treatment. One tomato plant was 
grow’n per jar. At the beginning of the experiment, 200 cc of Hoagland’s 
solution minus PO* was added to each jar. 

The results (table 24 and fig. 8) fully justify the conclusion that 
kaolinic clays are very effect ive in fiixing phosphates in a form not readily 
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accessible to plants when limited amounts of soluble phosphates are ap¬ 
plied. On the other hand, a soil containing montmorillonitic (bentonitic) 
clay should be more effective in supplying plants with their needed phos¬ 
phate. The plants in the sand culture were in bloom when harvested. 

TABLE 24 

Effect of Various Colloids on Growth of Tomatoes with Various 
Additions of Superphosphate 


('uhure 


Superphosphate additions'^ 


None 

60 mg 

100 mg 

150 mg 

200 mg 

Average total oven-dry weight of tomato planta 


grams 

fframs 

grams 

grams 

grams 

Sand only 

0 02 

1 00 

1 60 

1 80 

1.76 

Sand -H 1 per cent Volclay 

0 02 

1.45 

1.45 

1 40 

1 50 

Sand 4- 1 per cent Aiken colloid 

0 014- 

0.13 

0 00 

1 42 

1 65 

Sand -f 20 per cent crusherl kaolinite 

0 02 

0.02 

0.02 

0 024- 

0 04 

Sand 4-1 per cent finely divided kaolinite 

0 01 

0.014- 

0.02 

0 03 

0 03 

Aiken clay loam. 

0 01 

0 014* 

0 02 1 

i 

0 03 

0 03 


* CuusideriiiK the volutue weights of sand and Aiken clay loam, theno applications of superphosphate 
are approximately e<iuivalent to 80. 160, 240, and 320 pounds per acie, respectively 


DISCUSSION OF RESULTS 

Certain soils contain colloidal material which by X-ray pattern analysis 
has been shown to be kaolinic in character. Other investifralions, where 
X-ray facilities have not been available, have shown the colloidal frac¬ 
tion of a great many soils to have a low silica: sesquioxide ratio, suggest¬ 
ing the presence of a kaolinic type of clay. These soils are known to have 
a high capacity to fix soluble phosphate fertilizers in forms not readily 
available for plants. Since most of these soils are red in color, they have 
been ^ssumed to be high in iron. In some cases this is actiially the case, 
but in others the iron content is not so great as the color of the soil wouhl 
indicate. Iron has been considered the chief factor in the phosphate- 
adsorbing system of these soils. Certain results render such an assump¬ 
tion questionable. 

The presence of free ionic iron in any appreciable amouni, in the soil 
occurs only under extreme conditions of soil reaction. Much the same 
may be said of aluminum. Experiments show (curve 6 in figs. 1 and 2, 
pp. 348 and 349) that iron phosphate formed by these ions would be re¬ 
moved from solutions within the usual reaction range of soils. But such 
experiments do not prove that ionic iron is present in soils to fix applied 
soluble phosphates rapidly; and hence, do not give the real picture of 
existing soil conditions. 
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Iron and aluminum hydrosols and hydrogels are known to have the 
ability to remove soluble phosphates from solution under certain condi¬ 
tions (curve a in figs. 1 and 2 ). Hydrolysis of the freshly prepared iron 
complexes occurs, however, and at pH 6 and above there is a considerable 
release of PO* even in the presence of an excess of iron. The PO^ released 
under these conditions by the hydrosol is much greater than that present 



Fig. 8.—The comparative growth of 
tomatoes as influenced by phosphate avail¬ 
ability in: rt, sand only i 200 mg super- 
ph(»8phate; h, sand + 1 per cent Volclay 
200 mg superphosphate; e, sand 1 per 
cent kaolinite ^ 200 mg superphosphate. 

(Other nutrients were derived from 
Hoaglaiid^s solution minus P(b.) 

in the soil solntioii under similar conditions, and is not in accord with 
the ability of plants to grow on such soils. Other factors must, therefore, 
be involved. 

The experiments with a good grade of kaolinite as shown by X-ray 
pattern data (fig. 3, p. 357) indicate that this material has a high phos¬ 
phate-fixing power when ground in a ball mill for a few days. The clay 
particles of soils are colloidal in nature and it is permissible to assume 
that at least some of the kaolinite is colloidally dispersed. Russell (41) 
states that under natural conditions kaolinite is not so finely divided as 
some of the other clay minerals. The data in table 8 (p. 357) indicate that 
a soil weigliing 2 , 000,000 pounds per surface 6 inches in depth and con¬ 
taining 1 per cent of finely divided kaolinite would be able to fix 2,058 
pounds of PO 4 under conditions similar to those in the experiment. 

The fixation by kaolinite is extremely high for all conceiiti’ations of 
soluble phosphates in the reaction range of agricultural soils. However, 
the product formed varies in phosphate saturation according to the 
concentration (amount of phosphate per unit volume of solution) of 
phosphate at its disposal. When these ^‘kaolinite phosphates” of different 
degrees of saturation are used as a source of phosphate for plants in pot 
cultures, the response is directly proportional to the degree of satura- 






376 


BUftardia 


[Voii.ia,No,S 


tion. This means that where this kind of adsorbing system is controlling 
the phosphate equilibrium in the soil, a small application is ineffective; 
and to secure results, a much higher rate of phosphate application, must 
be employed. 

The fixation is greatest at acid reactions. When the exposed solution 
contains H^PO* ions, the fixation is great. This has a very important 
bearing, because experiments (23,32) indicate that this phosphate ion is 
the one which plants absorb most rapidly. If the colloidal system of the 
soil prefers this kind of ion for fixation, soils having this kind of adsorb¬ 
ing system are extremely efficient in “competing” with the plant for 
phosphorus. As a result, the plant, because of its limited root area, is at 
a great disadvantage and suffers because of this competition. 

Decomposition data indicate that the valences necessary for the fixa¬ 
tion depend upon aluminum. When the reaction is such that much alumi¬ 
num appears in solution, the fixation of phosphate by the kaolinite is 
decreased. This, however, does not take place in the usual soil reaction 
range and although of theoretical value in determining the nature of 
the fixation is not of practical agricultural interest. When the concen¬ 
tration of the on ion is increased, less and less phosphate is fixed. When 
the OH ion concentration attains a certain strength, somewhere above 
pH 10, there is little or no more fixation; but an actual breakdown of the 
clay complex occurs. Likewise, if the H ion concentration is increased 
sufficiently, somewhere below pH 2, decomposition occurs, as would 
be expected from the use of strong acids in general analytical work. 
Between these extremes, the phosphate fixed increases with a decrease 
in pH, and cation fixation decreases. 

Colloids having a high silica: sesquioxide ratio have a lower capacity 
to fix phosphates, as shown by both chemical and greenhouse work. This 
is in general accord with the work of other investigators. 

Gile (18) found in studying the influence of various soil colloids on 
the efficiency of superphosphate that soils having colloids of low silica: 
sesquioxide ratios depressed the efficiency more than those having a 
higher ratio. Furthermore, the colloids which depressed superphosphate 
most were those of smallest base-exchange capacity. These properties 
suggest that the high phosphate-fixing colloids studied by Gile were 
kaoUnic in character. 

Kaolin is formed by weathering processes (39) and is probably present 
in some of its forms in all soils containing colloids of a low silica: sesqui¬ 
oxide ratio. Not only have such soils, therefore, active sesquioxides in 
more or less abundance, but also the kaolin in them is in a highly divided 
state as a result of the pronounced weathering, which augments phos- 



Feb., 1§3»] 


Murphy: KaoUnite in Phosphate Fixation 


377 


phate retention greatly. The presence of kaolin in this condition severely 
handicaps the ability of plants to secure phosphorus either from the sup¬ 
ply in the soil itself or from that of applied soluble phosphates, which 
are rapidly converted into a highly inaccessible form. 

The other clay minerals studied exhibit less fixing power, but even so 
their presence in soils is an important contributing factor to phosphate 
fixation. According to our investigations, the efficiency of applied solu¬ 
ble phosphates is a function of the kind of clay minerals present in the 
soil: if the clay is kaolinlike, a low efficiency is inevitable, while soils 
with a montmorillonitic clay complex will have a higher degree of phos¬ 
phate efficiency. 

Coarsely ground superphosphate is better than finely divided super¬ 
phosphate for these kaolinic soils. There are two reasons for this: First, 
such material is less rapidly fixed in the soil; second, the fixed phosphate 
is in more highly saturated zones, and as such, is of higher availability 
than it would be if it were fixed from finer phosphate particles, where 
the concentration of the solution surrounding the clay is lower. The first 
reason accounts for the better results in the first crops, and in all proba¬ 
bility the later crops are benefited largely because of the second factor. 
Local application also would have produced more highly saturated col¬ 
loids. 

SUMMARY 

Soils with a kaolinic type of clay have a high capacity to fix soluble phos¬ 
phates, as is shown by both chemical and greenhouse experiments. This 
is in accord with field results. 

Phosphate fixation by the various iron systems alone is not considered 
sufficient to account for all of the properties that these soils show with 
respect to phosphate availability. 

Kaolinite when ground to colloidal dimensions has a high phosphate¬ 
fixing capacity. 

The fixation is greatest at acid reactions, which indicates that the 
H 2 PO 4 ion is the most favored phosphate ion for the reaction. 

An increase in base-exchange capacity accompanies the increase in 
phosphate fixed. 

Greenhouse experiments show that the availability of the phosphate 
in “kaolinite phosphate” is directly proportional to the degree of phos¬ 
phate saturation. This is taken to indicate that a light phosphate fertil¬ 
izer application would be ineffective on soils having a kaolinic kind of 
clay. 

Even a very low percentage of kaolinite, if in a colloidal condition in 
a soil, will tie up phosphate and make it unavailable for plants. 
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Greenhouse results substantiate the laboratory data in showing that 
bentonite (Volclay) has a much lower capacity to fix phosphorus in an 
inaccessible form for plant growth than does colloidal kaolinite. 

The results are considered sufficient to explain why soils with a kao- 
linic type of clay have a high capacity to fix phosphate and a low phos¬ 
phate availability as measured by plant growth. 
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INTRODUCTION 

The phenomenon of the flow of liquids through porous mediums with¬ 
out the application of external force and without complete filling of the 
pores of the solid with liquid, has long been recognized and studied. It 
was early recognized that the forces involved are those of adhesion and 
cohesion, the same as those responsible for the action of liquids in capil¬ 
lary tubes. The term “capillarity” {6,17)' has thus come to apply to the 
flow of liquids through porous mediums. 

Many analyses (28-31) have been made for the purpose of evaluating 
the capillary forces acting in three-phase systems, such as is the case in 
moist soil, consisting of solid, liquid, and gas, by assuming spherical solid 
particles of uniform size and sequence of packing arrangement. While 
this assumption has presented concepts of value in comprehending the 
mechanism involved in capillary flow, the size and configuration of the 
solid and liquid phases are very complex in even the most idealized sys¬ 
tems, and become indeterminate when applied to natural bodies such as 
soil. 

The capillary potential concept, introduced by Buckingham (ff) in 
1907, assumed a capillary force field generated by the attraction of moist 
soil for water. He defined a capillary potential, the gradient of which is 
equal in magnitude to the capillary force. The introduction of the poten¬ 
tial function gave rise to the study of soil-moisture as a djTiamic system; 
but this method received no added impetus until 1922, when Gardner (S) 
and others showed that the capillary potential of Buckingham may be 

^ Received for publication June 8, 1938. 

* Abridged from a thesis submitted in partial fulfillment of the requirements for 
the degree of doctor of philosophy. 

•Instructor in Soil Technology and Junior Soil Technologist in the Experiment 
Station. 

* Italic figures in parentheses refer to ^‘Literature Cited” at end of this paper. 

[ 383 ] 





384 


migar&ia 


[Vou 12, No, e 


considered as a pressure potential due to the differential pressures on 
either side of the liquid-gas interface in the menisci of the water films. 
They further showed it to be directly measurable, over a certain range of 
potential, by measuring the negative hydrostatic pressures within the 
water films of soil moisture. The instrument used for these direct meas¬ 
urements was called a capillary potentiometer, but is now' called a tensi¬ 
ometer {19), and consists of a porous absorbing element, an adaptation 
of the Livingston Auto Irrigator, to which a manometer is attached. 
When the capillary potentiometer was filled with water and the porous 
absorbing element was embedded in the moist soil whose capillary poten¬ 
tial was to be measured, water transfer took place between the porous 
element and the soil until, at equilibrium, the j)ressure of the water inside 
the potentiometer w'as equal to the pressure in the soil-moisture films. 
This pressure was read directly on the manometer. 

In the application of the dynamic concept to soil moisture studies, the 
velocity of flow of w’ater through the soil is considered to be x)roportional 
to the total wat.er-moviug force. A conductivity factor, vaj'iously called 
capillary conductivity, capillary transmission constant, conductivity, 
and permeability, has been used to express this proportionality (.?, 7, 8, 
10,16). The term “permeability’’ is adopted in this pajwr. 

Many data on the permeability of soils in saturated flow or, with the 
pore spaces entirely filled with water, are available in papers of the 
U. S. Geological Survey, the American Geophysical I’nion, and in en¬ 
gineering papei-s. Slichter {3i) made theoretical calculations for the 
flow of underground water under pre.ssure, in which it was a.ssumed 
that the velocity of flow was jiroportional to the pressure gradient. ’I'liere 
are relatively few' jiublished data on soil permeability in unsaturated 
flow', however. Such data as have been reported were derived from ex¬ 
perimental results on relatively small (luantitics of soil through which 
flow was induced by artificially maintaining differential i)ressurcs in the 
moisture films on either side of the .sample. Richards {17,18,20) has i)ub- 
lished data on three soils, including capillary potential as a function of 
W'ater content, permeability as a function of water content and capillary 
potential, and permeability of a peat soil as a function of capillary 
potential. 

The evaluation t)f the movement of water through unsaturated soil 
is important in many practical problems, such as; the drainage of land, 
of road subgrades, and of all structural foundations and pavements laid 
on the ground; the contribution of a water table to the water supply of 
plants ; the loss of water from a soil surface by evaporation; and the 
upward translocation and concentration of soluble salts in the soil. 
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This paper reports pressure potential and saturated and unsaturated 
permeability data, using six California soils. The rate of water flow re¬ 
quired to maintain shallow water tables in cylindrical soil columns 8 
inches in diameter, was measured in graduated supply burettes. Un¬ 
saturated flow was induced naturally; the water rose from the water 
table to the surface of the soil columns by capillarity, and was evaporated 
from the surface. Tensiometers were spaced at regular intervals on the 
vertical axis of the soil columns, and the pressure potential values were 
read directly on these instruments. When the rate of water uptake and 
the pressure poicntials throughout a soil column became steady, that 
column was said to be at steady state. Its moistixre distribution was then 
determined by sampling, and its saturated and unsaturated permeabili¬ 
ties at various pressure potentials were determined from the velocity of 
flow and the total potential gradient. 

PROCEDURE 

The moisture studies reported herein were carried out in a room in a 
light frame building of the University of California at Berkeley. The 
room was 8x16 feet, and 12 feet high, with a reinforced concrete floor 
laid on the ground. The walls were of tongue-and-groove pine sheathing 
on 2 X 4 inch studs spaced at 2-foot centers, the naked studs being on 
the room side. After beginning this experiment, the walls and ceiling 
were lined with celotex w'allboard which was nailed to the studs. 

Tile room was liealed by two batteries of electrical heating elements, 
one battery i)laced at either end of the room about 4 feet from the end 
walls and 6 feet from the floor. Heat distribution was effected by four 
electric fans, so placed as to give maximum air turbulence as well as 
general air cinmlation to all parts of the room. 

The heating elements had two circuits, one continuous and one inter¬ 
mittent. The intermittent circuit was opened and closed by a thermal 
regulator through a relay. Temperature at the thermal regulator was set 
at 30° C. and controlled to about ±i 0.02°. Temperature along the sides 
of the room and near the floor could not be held to this narrow range 
due to heat loss tlirongh the rather i)oorly insulated W'alls. The soil 
columns, wiiich w^ere set in a row close to a W’all, normally held to a 
temperature range of 0.02° C, except during periods of abnormal change 
in the atmospheric tenipei*ature outside the room. 

Six soils were used, ranging in texture from sand to clay (table 1). All 
except one, the Oakley sand, were of the Yolo series. The air-dry soils 
were prepared for fil ling the cans by breaking them down to pass a 3-mm 
screen. 
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The soil cans were of galvanized iron, cylindrical, 8 inches in diameter 
and 3 to 4 feet high (fig. 1), and were fitted with a wire-screen dia¬ 
phragm soldered 2 inches above their bases to provide support for the 
soil coliunns. A water inlet tube, % inch in diameter, was soldered 1 inch 
above the bottom of each can. Each can was punched with %-inch holes 
in four vertical rows, one row at each quarter point on the can’s circum¬ 
ference. The vertical distance between holes in the row and the elevation 
of each row, were arranged to give a hole for each inch of can height. 
Before a can was filled with soil the holes were closed with patches of 

TABLE 1 

MscHANiciJ. Analysis and Moistdse Eoxuvalents or tbb Soils Used 


Separat-ee 

Oakley 

sand 

Yolo 

sand 

Yolo fine 
sandy loam 

Yolo 

clay loam 

Yolo 
light clay 

Yolo 

clay 

Fine gravel. 

0.2 

2.9 

0.1 

0.1 



Coarse sand . . 

0 9 

16.4 

0 3 

0.5 

0.1 

0.2 

Medium sand. 

15 3 

26.8 

0 5 

0 6 

0.4 

0.3 

Fine sand. 

45.1 

41.8 

18.0 

5.3 

7 2 

3.0 

Very fine sand . 

20.4 

6.0 

31.0 

21 0 

16.1 

8 1 

Total sand . 

90.9 

02 0 

50 8 

27.6 

23.8 

11 6 

Total silt (by difference).. . 

3.6 

3.3 

31.6 

46 0 

45.0 

46.5 

Total clay 

5 6 

3.8 

17.7 

26.5 

31 2 

41.0 

Clay <2 micron . 

4.6 

3.2 

12.8 

17.2 

23.2 

33.1 

Clay<l micron. 

4.0 

- 2.9 

9.4 

13.5 

17 4 

26.5 

Moisture equivalent .... 

4 3 

1 

3.6 

18.1 

22 5 

25.0 

26 3 


celluloid cemented to the outside. When the wetting front in the soil 
column reached a hole, the celluloid patch was removed, the soil sampled 
for moisture content, and the hole reelosed with a rubber stopper. 

The procedure in filling the can with soil was similar to the tremie 
method for placing concrete under water (36). A strong fiber tube, 4 
inches in outside diameter, and 4 feet long, originally made for the pack¬ 
ing and shipment of glass tubing, was used as a tremie. 

The tremie tube, surmounted by a funnel, was placed upright in the 
soil can. One man kept the funnel and tremie full of soil and a second 
man operated the tremie, partly supported its weight, kept it vertical, 
and moved it with a rotary motion so that the tube described a circle, the 
diameter of which was equal to the diameter of the soil can. The bottom 
of the tube, resting lightly on the soil, passed over the entire area of the 
soil column at each revolution, and thus maintained a level and regular 
surface. Approximately eight revolutions of the tremie were required per 
inch of depth of soil column laid down. 

The entire system, can, tremie, and soil, was weighed at intervals of 
approximately 4 inches in the soil-column height. For the height of soil 
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at each 4-inch stage the mean of eight to ten measurements was taken; 
these measurements were made from the top of the can with a meter stick 
which was dropped vertically onto the soil through a distance of ap- 



Fig. 1.—Soil cans with tensiometers installed. 

Af Can with mercury tensiometers, showing the method of attaching the 
manometer panel and the installation of the tensiometers. The instrument at the 
top of the panel is a vibrator. The lowest tensiometer has been removed from 
the soil to show the cup (absorbing element). 

B, Can with water tensiometers installed. Eight tensiometers with water 
manometers are mounted on the left panel. The tensiometers enter the soil col¬ 
umn back of the panel. Two open water manometers used for positive potentials 
only are mounted on the small panel at the right. 

C, Assembly of the tensiometer with a mercury manometer. This assembly was 
used for testing tensiometer cups and is the same as the tensiometers installed in 
the soil columns except that the stopcock, 5, was replaced by a screw clamp. 
Details are as follows: i, A three-way stopcock sealed to a male standard taper 
ground glass connection. The two rubber tubing lines supply vacuum and water 
at atmospheric pressure. Female standard taper ground glass coimection, 

Sy Two-way stopcock. Porous fired-clay tensiometer cup. 5. Screw clamp. 6, 
Capillary staff of mercury manometer. 

proximately 1 inch. The net weight of soil in the can was later corrected 
for air-dry water content. 

Too few weighings were made on an individual soil column to allow 
a statistical calculation of variation in apparent density for a single 
column. A mean apparent density was calculated for each column, and 
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the densities for each stage of filling were expressed as percentages of 
that mean. These percentages were collected for all the soil columns, an¬ 
alyzed statistically, and a single standard deviation was calculated and 
expressed as per cent variation from the mean apparent density. This 
single value was assumed to represent the standard deviation in apparent 
density for all the soil columns (table 2). 

Water at constant pressure was supplied to the base of the columns 
by water supply units (fig. 2), carried upward through the soil by eapil- 

TABLE 2 

Chabacteristics or the Soil Columns 


Soil type an<l can number 

Length 
of soil 
column, 
centi¬ 
meters 

Cross 

section, 

square 

centi¬ 

meters 

1 

1 

Wetting 

time, 

days 

Drying 

time, 

days 

Mean 

appar¬ 

ent 

density 

Stand¬ 
ard 
devia¬ 
tion 
of ap¬ 
parent 
density 

Stand¬ 
ard de¬ 
viation 
of mean 
appar¬ 
ent 

density 

Percent 
pore i 
space 

Percent 

water 

at 

satura¬ 
tion by 
weight, 
oven- 
dry 
basis 

Oakley sand, 3 

117 

1 

314 

312 

9 1 

1 48 

0 042 

0 004 

43 

3 

29 2 

Yolo sand. 13 

84 

322 

108 

5 

1 49 

042 

005 

43 

0 

28 8 

Yolo fine sandy ( j 

117 

314 

286 

72 

1 28 

036 

.004 

51 

0 

39 8 

loam J|^ 

84 

322 

21 

7 

1 24 

.035 

.004 

52 

5 

42 3 

[20 

84 

323 

64 

1 


1 25 

035 

.004 

52 

1 

41 6 

Yolo clay loam J 

84 

1 321 

98 

14 

: 1 34 

! 038 

004 

48 

6 

36 2 

\l9 

84 

322 

25 

3 

! 

1 28 

.036 

004 

51 

0 

39 8 

f 2 

117 

314 

310 

34 

1 32 

037 

004 

49 

5 

37 5 

Yolo light clay J jg 

84 

320 

25 


1 29 

036 

004 

50 

5 

39 1 

[20 

84 

323 

29 

3 

1 27 

,036 

004 

51 

3 

40 4 

Yolo clav^ 

84 

322 

89 

13 

1 28 

030 

004 

51 

0 

39 8 

116 

84 

312 

37 


1 22 

0 034 

0 004 

53 

2 

43 5 


larity, and removed from the .soil surface by evaporalion. The rate at 
which water was taken up by the .soil was measured in the graduated 
supply burettes of the water supply units, and the upward advance of 
the w'etted front was observed through the celluloid-covered holes in the 
sides of the cans. 

Tensiometers {19), consisting of porous fired clay absorbing elements 
connected to vacuum gauges of the manometer type, were placed in the 
soil columns one above the other at intervals of 10 centimeters (fig. 1). 
A transfer of water takes place between the soil and the absorbing ele¬ 
ment until, at equilibrium, the pressure of the W'ater in the absorbing 
element is equal to that in the moisture films of the soil. This pressure is 
calculated from the height of mercury or other manometer liquid used 
in the vacuum gauge. 
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Fig. 2.—Battery of eight water supply units. The details are: i, (Jraduated 
buiettes; J, eonstaut-level reservoirs; .!/, air vents; 4, water supply line from 
wO-liter supply bottle; .5, suelion line from SO-liier sux^ply bottle; 6‘, water lines 
from constant-level reservoirs to the soil columns; 7, screw’ elami) cut-offs on 
Avater lines to the soil columns; S, screw’ clump cut-offs on suction line; ,9, screw 
clamp cut-offs on w’aler line from the 20-liter supply bottle; 10, two-way stop¬ 
cock on water line from 20-liter supply bottle; 11, two-w^ay stoxH'Ock on suction 
line from 20-)iter sujipl}’ bottle; 1:1, water traj) in the suction line; 13, graduated 
staff tube for measurement of the outflow required to make burette, 1, ‘^gurgle”; 
14, water outlet, used to drain water out of the system. 

A burette w’as tilled by closing 7 and opening 8 and 9. By manipulating 10 and 
11, water flow ed through 4 mto the constant level reservoir, 2, and was drawn uji 
into the burette, 1, by suction on the line, 3n ojieration, wdth w’ater being sup- 
j>lied to the soil columns, S and 9 were elo.sed and 7 was open. Two tubes ran 
through a 2-hoIe stoi)X)er from 1 into '3. The lower ends of those tubes were at 
different elevations so that one tube w'as continuously immersed in water in 3, 
and the end of the other controlled the viiriation in the elevation of the w^ater 
level in 3. When the w alm* level dropped in 3, air was admitted into 1 through the 
higher tube and water flowed from 1 io 3 through the other tube, raising the 
water level in 3 until the end of the higher tube was again immersed and the air 
supply to the burette was cut off. This cycle was called a “gurgle.” At each 
“gurgle” about 6 cc of water flowed from 1 to 3, causing a momentary rise of 
the water surface in 3 of about 0.5 cm. This was sufficient to cause a fliietuation 
of about 0.4 mm in the w'uter table in the soil column, therefore a water table 
maintained bv this metliod was relatively constant. 
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Both negative and positive pressure potentials of the water in the soil 
columns were measured with tensiometers. Open water manometers of 
the staff-gauge type were also used in some of the columns for the meas¬ 
urement of positive potentials. For the purpose of these measurements, 
the pressure potential of the atmosphere was arbitrarily taken as zero. 

When the flow of water through the soil columns attained steady state, 
as indicated by a constant rate of water uptake and steady pressure 
potentials at each point of measurement, the soil was sampled for mois¬ 
ture content. The steady-state potentials and moisture contents were 
tabulated and represented graphically. The graphed data (figs. 9-13) 
include two wetting curves for each soil column: 

(1) Moisture content as a function of elevation above the base of the 
soil, 

P„, = /(ff). 

(2) Pressure potential as a function of elevation above the base of the 
soil, 

where: Pu> is the per cent water in the soil on the oven-dry basis deter¬ 
mined by drying for 24 hours at 105® C. H is the elevation in centimeters 
above the base of the soil column. ^ is the pressure potential in gram- 
centimeters per gram (in this paper abbreviated as gm-cm/gm). 

After pressure potential and moisture content data had been collected 
for the soils wetting up, the water supply was removed and a soil-air 
interface was maintained at the base of the soil columns. During drying, 
the moisture density throughout the soil columns was reduced by con¬ 
tinued evaporation from the surface and by downward flow of water. 
When the rate of moisture density change and pressure potential change 
had reached low values at all points in the soil columns, the soils were 
again sampled for moisture content and pressure potential readings were 
taken. These data were also tabulated and graphed as F* == / (H) and 
^ = F(H), drying. 

The collection, tabulation, and graphical representation of all primary 
experimental data were included in the procedure outlined above. Later 
analysis of the primary data includes, first, an examination of the man¬ 
ner in which the pressure potential of a soil is affected by its moisture 
content, = and, second, an examination of the manner in which 

the soil permeability is affected by its pressure potential K — 
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PRIMARY EXPERIMENTAL DATA 

In this section are presented the quantitative experimental data dis¬ 
cussed in the following order: 

1. Mechanical analysis and moisture equivalent of the soils (table 1), 
and such characteristics of the soil columns as type, apparent density, 
and per cent pore space (table 2). 

2. The manner in which pressure potentials and rate of water uptake 
vary with time during the wetting-up period (figs. 3 and 4). 

3. The manner in which pressure potentials vary with time during the 
drying period (figs. 5 and 6). 

4. The effect of temperature change on pressure potentials and the 
rate of water uptake in a soil column at steady state (fig. 8). 

5. Pressure potentials and moisture distribution in soil columns at 
steady state (table 3 and figs. 9-13). 

Soils Used .—The six soils used in the experiment were Oakley sand, 
Yolo sand, Yolo fine sandy loam, Yolo clay loam, Yolo light clajr, and 
Yolo clay. All except the Yolo sand were collected from cultivated fields 
at depths of 2 to 8 inches. The Yolo sand is a stream-washed sand of the 
same origin as the Yolo soils and was collected in a commercial sand pit 
on the bank of Cache Creek. 

The mechanical analysis of the soils was made by the pipette method 
using HoOj and HCl pretreatment, and Na 2 C 204 as a dispersing agent. 

The moisture equivalent determinations were made in duplicate on 
30-gram samples of air-dry soil crushed to pass a 2-mm sieve. The sam¬ 
ples weighed into the cups were moistened for 24 hours, drained for half 
an hour, and centrifuged for half an hour at a speed sufficient to develop 
a centrifugal force of 1,000 times gravity. 

Mechanical analysis and moisture equivalent data are given in table 1. 
Numerical data descriptive of the soil in the columns are listed in table 2. 

Pressure Potentials and Bate of Water Uptake as Functions of Time 
During the Wetting-Up Period .—The rate of water uptake as it de¬ 
creased with time during approach to steady state was taken for all the 
soil columns. In figure 3 the log (rate of water uptake) is plotted as 
a function of the log (elapsed uptake time), log A = f (log t), for Yolo 
clay, wetting. This curve is similar in form to those of all the soils studied 
in this experiment and conforms to observed data reported elsewhere 
{35) in the literature of which the example cited is only one of many. 

An empirical equation for water uptake derived for a cui*ve expressing 
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-/ (P f/ 


lay ///7?e //? a(:7ys ^/oy i!) 

Fig. liato of water uptake during approach to steady state*, 
Jog A — / (log <), for a column of Yolo clay wetting. 



-/OO O f/OO 

Pressf/re po^ef?if/(7/ fP^J, y/7f'C/??/yf7? 

Fig. 4.—Distribution of pressure potential with the elevation above* the base 
of the soil, 11 = f (^) for a column of Yolo clay wetting. 


log A — f (log f) may be written in the form of an equation of a straight 
line, 

log .1 = ~c (log 0 + K 


w^here A is the rate of water uptake, i is the cumulative uptake time, and 
K and c are constants; c representing the slope or the rate of change of 
log wdth log t. The data for all the soil columns investigated conform to 
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the first equation, with the exception that the value of c changed abruptly 
before the surface of the soil at the top of the columns had become ob¬ 
viously wet. Referring to figure 3, the initial stage of advance of the wet¬ 
ting front includes on the time scale, from inception of wetting to a log t 
in days of approximately 0.8 or an elapsed time of 6.3 days. During this 
time interval the wetting front advanced through air-dry soil of rela¬ 
tively constant api)arent density and packing arrangement from near 



firessi/rg p/c/s po^efl^/o/ { 

Fipf. 5.—Distribution of the sum of the pressure and gravitational potentials with 
the elevation above the base of the soil, iZ=:/ (<!»') for a eolumn of Yolo fine sandy 
loam drying. 

the base of the soil column to within 1 or 2 mm of the surface. The 1 or 
2 mm of soil at the top of the soil column was loosely j^acked and of lower 
apparent density tlian the remainder of the soil. Although the mulch 
was included in the length of the soil column, it is proposed that the 
contact between the mulch and the lower soil represented an irregular 
interface of discontinuity which was responsible for the cliange in the 
characteristic rate of water uptake. 

A family of curves for Yolo clay representing the ])ressure potential 
distribution with elevation above the base of the soil at various cumula¬ 
tive wetting times is shown in figure 4, which, with the possible exception 
of the sands, is qualitatively characteristic of all the soils investigated 
during the wetting process. The potentials changed too rapidly in sands 
to be measured accurately. 

Pressure Pofeniial as a Function of Time During Drainage .—iVfter 
upward flow in the soil columns had attained a steady state during the 
wetting process, the columns were drained by removing the water sup¬ 
ply, and by maintaining a water-air interface at tJieir bases. During 
drainage the change of pressure potential with time at various elevations 
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in the soil columns was recorded. The rate of change of pressure potential 
varied with texture, being greatest for sand and least for clay. The gen¬ 
eral character of the drainage curves, however, was similar for all the 
soils; therefore, data are presented for one soil only. 

Figures 5 and 6 represent pressure potentials during drainage of a 
3-foot column of Yolo fine sandy loam which had come to a steady state 



loam. Note the increase in pressure potentials in the unsaturated region of the column 
immediately after drainage began. 

by wetting with a water pressure of 42 grams per square centimeter at 
the base of the soil column. The time when drainage began was arbi¬ 
trarily taken as zero time, f = 0. 

Figure 5 shows drainage curves for a column of Yolo fine sandy loam. 
For convenience in plotting, H is plotted as a function of 4>' which, how¬ 
ever, should be considered the dependent variable, with the relation of 
to H expressed by the equation 

^=/(if), 
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where S is the elevation above the base of the soil column in cm; ^ is the 
pressure potential in gm-cm/gm; m is the gravitational potential in 
gm-cm/gm (<u = 0 is arbitrarily taken at the elevation at which ^ = 0 
when f = 0). 

The total potential gradient had become approximately zero in the 
main body of the Yolo fine sandy loam column 60 hours after drainage 
began. This adjustment period required 24 houre and 96 hours in the 
Yolo sand and Yolo elay respectively. 

Increases in pressure potentials immediately after drainage began 
were noted in all the cans at tensiometer positions above the water table 
(fig. 6). These increases indicated increases in the moisture density. 
Since even the highest tensiometer at an elevation of 80.8 cm above the 
base of the soil showed an increase in pressure potential, the water neces¬ 
sary must have been supplied from beloAv. 

A simple illustration taken from the case of a fully saturated single 
pore may explain the apparent anomaly of increasing pressure in the 
upper portion of a soil column induced by a sudden reduction in pressure 
at the base of the column. Figure 7 represents a capillary tube, the lower 
end of which had been dipped in water. 

At time to the water level has been lowered sufficiently to induce a 
temporarily reduced pressure potential about the lower tube opening, 
but at the same time to maintain a water connection between the free 
flat water surface and the capillary water in the tube. The pressure 
potential at the top of the capillary tube is Time fo represents the 
steady state condition in the soil columns at a position just above the 
surface of zero pressure potential. 

At time t, the w'ater level has been suddenly lowered. The water thread 
connecting the free flat water surface and the capillary water has broken. 
The water meniscus at the bottom of the capillary tube is convex to the 
air and the pressure immediately above the meniscus has increased from 
negative to positive. 

At time the meniscus at the top of the capillary tube, which at #<> was 
in equilibrium with a negative pressure at the base of the tube, has in¬ 
creased in radius of curvature to effect pressure equilibrium with the 
increased pressure at the base of the tube. An upward flow of w'ater has 
taken place, and pressure potentials have increased throughout the cap¬ 
illary tube. 

The discussion of the capilleiry tube in figure 7 deals with a fully satu¬ 
rated pore; whereas this experiment deals with a porous medium which 
is not saturated throughout its length, but is a three-phase system con¬ 
taining solid, liquid, and air. The energy involved, however, in the ad- 
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justment of water by capillarity in an unsaturated soil is due to the 
forces of gravity, adhesion, and cohesion, the same as are responsible for 
the movement of water in figure 7. The pressure potential changes in¬ 
duced by drainage of a soil column under the conditions of this experi¬ 
ment may be appropriately discussed by analogy to the capillary tube. 



T/me 

Pressi/re m n/atlsr 
_ rT?e/?/sc£/s _ 


Loh/^er e/?c/ 



- 

- 




_ 

/ass / 

/ass - 


Fig. 7.—Diagrammatic illustration of the 
inenisri and their changes in curvature during 
tin* withdrawal of a capillary tube from water. 


The break in the continuity of the water system shown at time occurs 
in the large pores in the soil columns; the smaller moisture films in the 
soil which are capable of greater curvature I’emain cont inuous. Permea¬ 
bility in the moisture films of low curvature is relatively high; the pres¬ 
sure increase at the point of rupture of the large films postulated at a 
time corresponding to t, would result in an upward flow of water causing 
a temporary increase in pressure potentials. 

General laboratory experiments on the distribution of water in soil 
over a water table have been conducted by setting soil tubes filled with 
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soil in vessels of water {14,15, 23), In this type of experiment the soil 
rests on a porus support near the bottom of the soil tube and is in 
contact with water at atmospheric pressure. The elevation of the water 
in the outer vessel is kept constant, and it is assumed in these cases 
that the water table in the soil is at this elevation. After a duration of 
time, assumed to be sufficient for the establishment of a steady moisture 
distribution in the soil columns, the tubes are removed from the vessels 
of water and are sampled for moisture content. Such laboratory experi¬ 
ments have g’enerally shown the highest moisture content to be some 
distance above the original water table. This distribution has been so 
universally observed in experiments that the experimental results have 
been interpreted as representing the actual moisture distribution in an 
undisturbed soil over a water table. 

It should be observed here that removing the soil tubes from the vessels 
of water is not essentially different from the drainage technique reported 
in this paper. Consequently, the changes in pressure potentials during 
drainage which were observed in the experiment reported herein must 
have also taken place in the experiments cited above. These pressure po¬ 
tential changes (fig. 0) indicate that an upward flow of water takes place 
immediately after drainage begins, which flow may cause the highest 
moisture content, at the time the column is sampled, to occur at some dis¬ 
tance above the original water table. 

Effect of Temperature Variation on Pressure Potentials and Rate of 
Water Uptake .—The experiment was designed to study soil-moisture 
movement at constant tem])erature. Temperature variation in the soil 
was held within a range of 0.2® C except during four short i)eriods dur¬ 
ing which a high positive correlation between in<»reasing or decreasing 
temperature and certain observed features in the behavior of the soil- 
moisture system permits a statement of the qualitative effect of tempera¬ 
ture variation on these features. 

A drop in temperature always resulted in an increased rate of water 
intake and in lower x^ressure i>otentials throughout the (‘olurnns in all 
the soils. A rise in temx)erature had the revei'se effects. A drop in tem¬ 
perature of !l® C in one hour lowered the water table 3 cm in the Yolo 
sand and 32 cm in the Yolo clay with intermediate amounts for soils of 
intermediate texture. 

In the soil columns at steady state, with temiierature constant, the 
soil-moisture system is in delicate balance, water flows through the col¬ 
umn at a constant rale, and the pressure potentials throughout the soil 
mass are steady and dependent upon the i>ermeability of the soil and the 
velocity of flow. The moisture gradient is fixed by the x>ressure i^otential 
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Fig. 8.—The effect of changes in temperature on pressure poten¬ 
tials and rate of water uptake in a column of Yolo fine sandy loam. 
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gradient, the displacement of which initiates adjmstments in the soil- 
moisture density in the direction of re-establishment of the steady-state 
gradient. 

Surface tension decreases and pressure potential in unsaturated soil 
increases with increasing temperature. Therefore, an unsaturated soil 
at a given potential holds less water at a higher than at a lower tempera¬ 
ture. After a rise in temperature, water drains downward through the 
soil, gradually reducing the pressure potentials in the upper portion of 
the soil column and increasing still further the pressure potentials in the 
lower portion. During this phase of readjustment, temporary water 
tables were recorded up to 15 cm higher than the pressure head of the 
supply line. With decrease in temperature, the cycle described above is 
reversed; the pressure potentials become more negative, the rale of water 
uptake increases, and the water table drops. 

The magnitude of the potential variations and changes in rate of water 
uptake with changes in temperature depend upon the rate of tempera¬ 
ture change, the permeability of the soil, and the relation of pressure 
potential to moisture content. If the change in temperature is sufficiently 
slow or if the soil permeability is sufficiently high, redistribution of water 
in the soil may take place with sufficient rapidity to maintain relatively 
constant potentials, and the only obvious major deviation from steady 
state is the rate of water uptake. 

The performance of a column of Yolo fine sandy loam during a period 
of temperature variation is shown graphically in figure 8. At zero time 
the pressure potentials in the soil column were at steady state with a rate 
of water uptake 3.9 cubic centimeters per hour, and a temperature (T) 
of 26.4° C. The graph may be divided into several time periods for the 
purpose of discussion: 

1.1 = 0 hours to # = 24 hours. 

A. AT/At — -f- 0.013° C per hour. 

B. Small increase in pressure potentials. 

c. Decrease in rate of water uptake. 

2. # — 24 hours to # — 40 hours. 

A. AT/At = — 0.044° C per hour. 

B. No appreciable change in pressure potentials. 

c. Great increase in rate of water uptake. 

3. # = 40 hours to # = 48 hours. 

A. AT/At = + 0.05° C per hour. 

B. No significant change in pressure potentials. 

c. Rate of water uptake decreased to a negative value. 
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4. < = 48 hours to # = 67 hours. 

A. AT/A# = — 0.032° C per hour, 

B. Slight decrease in pressure potentials, 

c. Great increase in rate of water uptake. 

5. # = 67 hours to # = 76 hours. 

A. AT/A# = + 0.23° C per hour. 

B. Increase in pressure potentials of 2 gm-cm/gm at 81 cm above 
the base of the soil column, and increasing progressively to more 
than 10 gm—em/gm at the water table. Water flowed downward 
through the soil and out of the can via the supply line. Greater 
potentials would have been registered if water had not been lost 
from the system. 

r. The rate of water uptake became negative. The negative absorp¬ 
tion rates shown on the graph do not represent the total amount 
of water drained out of the soil colunm. An undetermined 
amount of water was lost through the vent tube in the constant- 
level supply reservoir. 

6. # = 76 hours to # = 95 hours. 

A. Temperature changing very slowly and approaching 28.2° C. 

B. Pressure potentials rapidly decreasing toward establishment of 
of a steady-state gradient approximately equivalent to that at 
# = 0. 

c. Rate of water uptake approaching the rate at the previous 
steady state. 

It is evident that temperature variations may vitiate the accuracy of 
many types of soil-moisture studies. Fluctuations in soil moisture con¬ 
tents and water tables in field studies may be erroneously attributed to 
causes other than temperature unless the variations in temperature and 
their attendant etfeets are known (3.5-J37). The quantitative evaluation 
of the various etfeets that temperature variations may have on the soil 
moisture system would constitute a major problem. 

Pressure Potential and Moisture Distribution at Steady State. —Pres¬ 
sure potential and moisture content data in soil columns at steady state 
are tabulated in table 3, and are represented graphically in figures 9-13. 
The moisture samples were approximately 10-gram core samples taken 
with a thin-walled, polished, aluminum tube % inch in diameter w'hich 
was thrust horizontally into the soil column through holes in the side of 
the soil can. The soil sample was quickly transferred to a weighing bottle 
by pushing the core out of the sampling tube with a tight-fitting plunger. 
A soil column was sampled, taking 16 samples, in about 3 minutes. 
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The tube method of sampling was satisfactory for moisture contents 
up to approximately 85 to 90 per cent of saturation, but beyond this 
moisture range very erratic results were secured. Great limitations were 
imposed on the possible methods for taking samples by the design of the 

TABLE 3* 


Moisture Content and Pressure Potential ; Experimental Values for 
Yoix> Light Clay, Can No. 2t 



Wetting 

Drying 

Elevttt ion above water taVile 

Mowturo con¬ 
tent. PiO 
(oven-drj” basis) 

Pressure 

fiotentiai, 

Moisture con¬ 
tent, Pu> 
(oven-dry basis) 

Pressure 

potential, 

cm i 

3 5 

per cent 

33 8 

gm-cm/gmX 
- 3.7 

per cent 

gm-cm/gm 

- 11.0 

8 7 

30 0 


34 92 


13.9 

34 1 

~ 15 1 


- 23.0 

19 0 

35 8 


33 53 


24 2 

30 3 

~ 26 5 


- 34 3 

29 0 

33 8 


30 58 


34 1 

30 0 

- 39 0 


- 44 1 

39 1 

2S 7 


28 60 


44 2 

28 2 

- 56 2 : 


- 62.8 

49 4 

28 0 


27 56 


54 () 

2(3 8 

- 75 8 


- 84 5 

59 fi 

2(3 4 


26 49 


54 5 

25 1 

- 96 4 


-104 7 

59 0 1 

24 9 


24 50 


74 6 

23 8 

-134 9 


-136 0 

79 7 

23 4 


23 15 


84 8 

22 3 

-198 8 


-200 0 

90 0 

21 2 


21 31 


95 1 

19 8 

-359 5 


-377 6 

100 1 

/l4.4 
\l4 7 

-599 0 

18 54 

-610 0 

105 1 





* Plotted in figure 11 

t Owing to the hniitutioiLs of Nimee in this paper, tabular experimental data on the distribution of 
pressure potentials and moisture is given f<u one soil eoliiinn onh'. 

J Ciin-cm/gm and gin/gin are used thioughout this paper a.s units of v^oik and of force lespeetively. 
These values ma\ be multiplied by 9S0 to obtain dvnos and ergs. 


soil cans, and I he necessily for a minimum disturbance of the soil and 
alteration of the cross section of the eoluinu. The tube method W'as used 
for all sampling. 

The Pic —/(//) curves (figs. 9-13) were jilotted from the experi¬ 
mental data from the lower moisture contents up to 85 to 90 per cent of 
saturation, and projected from this point to saturation. Experimental 
values for moisture contents were disregarded in the wet portion of the 
curve, 'fhe zone of saturation was assumed ti- extend from the base of 
the soil through the region of positive pressure potentials, and to the 
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-400 -^00 O 

Pressi/re poieo^/W y/7?-cm/y/7? 

Fig. 9.—Curves of and ^=:F(J7) for a column of Oakley sand at 

steady-state wetting jind after drainage. For convenience in representation, Fw and 
yj/ are plotted as abscissae. 



Pressi/re pode/?i/c/ ym-c/7?/^m 

Fig. 10.—Curves of Fto = /(2r) and ^ = F{B.) for a column of Yolo fine sandy 
loam at steady-state wetting and after drainage. For convenience in representation, 
Pto and are plotted as abscissas. 
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Afo/s/i/re co/f^e/9i par ca/f^ 


/O so 40 



'SOO -400 -BOO 

Prassore po^eoi/o/ CTJ, y/7^-co7/ym 


Fig. 11.— C\iT\&3 of Pw = f(H) and ^ = F (H) for a column of Yolo light clay at 
steady^state wetting and after drainage. For convenience in representation, Pw and 
f are plotted as abscissas. 

P/fo/s^are cop^eoi ^Pi^)j par ce/iif 



Pressure poieoif/a/ f y/rf-c/7?/y/o 


Fig. 12.—Curves of Pw^f{M) and ^ = F(H) for a column of Yolo sand at 
steady-state wetting and after drainage. For convenience in representation, Pw and 
^ are plotted as abscissas. 
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elevation of zero pressure potential. The moisture content of the soil at 
saturation was calculated from the apparent density of the soil, assuming 
a real density of 2,61. 




Fig. 13.—Curves of Pw = f and yp = F{H) for columns of soil at steady-state 
wetting and after drainage. For convenience in representation, Pw and yp are plotted 
as abscissas. 


ANALYSIS OF THE PlllMARY EXPERIMENTAL DATA 

The Relation between Pressure Potential and Water Content of Soils at 
29° C. —The relation between pressure potential, and moisture con¬ 
tent, Pw, in each soil column is represented graphically in curves (figs. 
14-18) of \p~f{P.u,). These curves were developed for the soils at a 
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steady state during the wetting process, and after drainage, from the 
primary moisture content and pressure potential data as expressed in 
curves of Pv> = f(H) and iji — F (H ). 

Differences in vapor pressure and pressure potentials for the same 
medium at the same moisture content, the magnitude of which depends 


iv<?^/?ess 



I ■ I I I I ■ ‘ _ I _ I I _1 1 II I _ I _t.....J 

o /o so 


Mo/s^6're per cer}i 

Fig. 14.—Curve of ^ =:/(P,t,) for Oakley sand wetting and drying. 

upon whetlier the medium is wetting or drying, have often been reported. 
This phenomenon has been referred to hysteresis effects {11,12,21), and 
has been reported in a wide variety of media {32) in which capillarity is 
active in the distribution and retention of liquids. Hysteresis has been 
attributed by the early workers to the alteration of the contact angle 
between solid and liquid due to adsorbed air on the solid. Adam {!) at¬ 
tributes the alteration of the contact angle to the frictional resistance 
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between liquid and solid. Smith (29,30) and his associates working with 
an “ideal soil” attribute maximum, minimum, and intermediate capiUarj 
rise to the cyclic alteration in pore cross section incident to any type of 
packing of spheres. Hysteresis is generally reported for wetting and 


/?e/a^/Va n^e/ztess 

/.o /.// /eg es/ 



Mo/s/ii/r& per cee^ 

Fig. 15.—Curve of ^ = / (Fw) for Tolo fine sandy loam wetting and drying. 

drying clays, and for colloidal separates of clays dried or wetted in 
evacuated desiccators over osmotic solutions. 

In the procedure followed in this experiment, drainage of the soil 
columns was accompanied by flow of water from the tensiometer cup to 
the soil, and by settlement and attendant increase in apparent density 
of the soil. A lag in pressure equilibrium between the tensiometer cup 
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and the soil would have indicated an apparent hysteresis, but opposite 
in sign to that observed. At a given moisture content and increased ap¬ 
parent density, the negative radius of curvature would increase and the 
vapor pressure and the pressure potential should increase. Settlement 





Ma/ 's^i/re per cer^ 

Fig. 16.—Curve of f = /(Pw) for Yolo light clay wetting and drying. 


of the soil column, then, would result in hysteresis, but opposite in sign 
to the hysteresis observed. 

The differences between the wetting and drying pressure potential 
curves extend almost to saturation, the range of the negative radii of 
curvature as calculated from the pressure potentials and surface tension 
being from 14 to 50 microns. Within this range of moisture content, the 
solid particles must be entirely bathed with water, and probably no 
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leya/te^ ' 

» Ca/f /Vo. /S 
* Co/7 Mf. /S 
» Co/7 //o./C ivei7//^ 


Mo/s^oro co/^^e/7^ C ^jyJ //er ceo^ 
rurvo of = f{]*u>) for Volo clay loam \vc*ttin/? an^l drying 

/?o/oCyo W0//70SS 



20 30 40 

Mo/siors co/7de/?4 />er ceo^ 

Fig. 18.—Curve of V' = for Yolo clay wetting and drying. 






March, 1939] 


Moore: Water Conduction from Shallow Water Tables 


409 


solid-air interface exists. Under such conditions, adsorbed air on the 
surface of the solid particles should play little or no part in the curvature 
of the water-air interface and resulting pressure potentials. 

This investigation contributes no positive evidence as to the causative 
factors in hysteresis; however, the following enumeration of the condi¬ 
tions under which hysteresis was observed may contribute by limiting 
the field of conjecture as to these factors: 

1. At a given negative pressure potential, soils held more water on 
drying than on wetting. 

2. The calculated negative radii of curvature of menisci, within which 
range the principal hysteresis was observed, were 14 to 50 microns. 
Hysteresis may persist at radii much less than 14 microns, but under 
the experimental conditions imposed, drying did not proceed readily 
below that radius. 

3. Soils settled and increased in apparent density as drainage pro¬ 
gressed. If an increase in apparent density is the only significant struc¬ 
tural change involved in shrinkage, then settlement woiild result in a 
higher rather than a lower pressure potential for a given moisture 
content. 

4. As the soils dried, water flowed from the tensiometer cup to the soil. 
A lag in pressure equilibrium between the cup and the soil would result 
in a higher, rather than a lower, pres.sure potential for a given moisture 
eontent. 

5. The magnitude of hysteresis increased as the range between the 
wetting moisture content and the drying moisture content increased, as 
indicated by the following data ; 


Yolo fiiK* sniidv loiiiii 


Yol(» light cla> 


Yol(t lonin 


Can 

Per cent loss 
of water dnr- 

Approximate 
hystereisis in 
Rin— eni/'gm 

No. 

ing (Irainajfe 

\ » 

/]7 

1 

5 to 10 

5 to 12 

30 to 20 

\ - 

o 

+ 8 to —8 

iao 

4 to (i 

40 

^19 

/14 

1 to 7 

20 

5 to 8 

70 


It has been suggested that tensiometers installed in the soil would be 
a practicable means of charting the co\irse of the soil moisture status 
through the relation of pressure potential to moisture content. The above 
data, however iusuflficient, indicate that the pressure potential may be 
not only dual-valued in terms of water content, but that the magnitude 
of the drying potential may depejid upon the range tlu-ough which the 
soil dried. 
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The Permeability of Soils to Water .—In slow motion such as that of 
water through soils, the velocity of flow, V, may be expressed as a product 
of the force acting to drive the water through the soil, and of a conduc¬ 
tivity function, or the permeability of the soil to water, K. The mathe¬ 
matical expression of flow is given in the equation (4), 

V = KF = — KV(tf> + m-^X)= — KV^ 

where V represents the mean velocity of flow; F, proportional to V, is 
the total force per unit of mass acting to drive water through the soil 

TABLE 4 

Velocity op Flow op Water in the Soil Columns at Steady State 


Boil type and can number 

Distance from 
the water table 
to the surface 
of the soil 
column, 
centimeters 

Depth of water transported 
to the surface 

Centi meters X10* 
I>er second, V 

Centimeters 
per day 

Oakley sand, 3 .. 


105 

0.23 

0 02 

Yolo sand, 13 


42 

0 52 

0 04 


1 

105 

0 37 

0 03 

Yolo fine sandy loam , 

17 

46 

5 30 

0 46 

i 

[20 . 

42 

5 60 

0 48 

Yolo clay loam . . J 

ri4 . 

51 

3 50 

0 30 

1 

[19 

50 

5 50 

0.47 


f 2 . 

105 

0 87 

0 08 

Yolo light clay . , . 

18 

46 

6.50 

0.56 


[20 

43 

7.10 

0 61 

Yolo clay. J 

fl5 . 

60 

2 90 

0 25 

1 

[16 

50 

5.30 

0.46 


and is composed of the gradients of pressure potential, ^; the gravita¬ 
tional potential, «>; and the osmotic potential, X. The permeability, K, 
is constant and independent of the rate of flow and the total potential 
gradient, V^. 

In applying the general formula to the calculation of permeabilities 
in the soil columns, V (table 4) is expressed in centimeters per second, 
F = — V is expressed in grams per gram, and K has the dimensions of 
time. The gravitational potential gradient, is assumed to be constant 
and equal to one gram per gram. The osmotic potential. A, is assumed 
to be constant and the osmotic potential gradient, VA, is therefore equal 
to zero. According to the above assumptions, and under the condition of 
this experiment in which all movement other than vertically upward or 
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downward was eliminated, the total potential gradient in grams per 
gram may be written 

=vy^ 4-1, 

and since the pressure potential grradient at steady state was negative 
upwards 

r. y 

—(V^t + 1)- 

The pressure potential gradient was evaluated at any desired points in 
the soil column by drawing tangents to the ^ = / {S) curv'e for that col¬ 
umn and determining their slope. 

In this discussion of the permeability of soil to water, it is not intended 
to introduce new terms. In the interest of clarity, however, it is necessary 
to restate the definition of terms that wdll be frequently used: 

Saturated permeahility refers to the permeability of the soil when the 
soil is saturated with water. Saturated soil is a two-phase system, solid 
and liquid. 

Unsaturated permeahility is the permeability of the soil when it is un¬ 
saturated. Unsaturated soil is a three-phase system, solid, liquid, and gas. 
Unsaturated permeability is based on the flow of water through the soil 
in the vapor phase, or in the vapor and liquid phases. 

Capillary permeahility refers to liquid flow in unsaturated soil. 

Vapor jjcrmcability refers to vapor flow in unsaturated soil. 

The configuration of the moisture system, in soil at various degrees of 
unsaturation, has been amply disemssed elsewhere in the literature ; here, 
it is sufficient to say that vapor flow will take place in unsaturated soil 
at any total iiotential gradient other than zero. Capillary flow can take 
place only at those soil-moisture contents at which the water films are so 
connected as to allow liquid water to flow through water films from one 
position in the soil to another. Continuous water films are those which 
permit water, in the liquid phase, to flow through water films from one 
position in the soil to another. Water films are termed discontinuous 
when water in the liquid phase cannot flow through water films from one 
position in the soil to another. Continuous water films must be connected, 
but discontinuous water films may also be connected, the sole criterion 
for continxiitj’, as here used, is that of flow as described above. If the 
soil moisture films are continuous, capillary flow will take place at any 
total potential gradient other than zero. If the soil moisture films are 
discontinuous, capillary flow is zero (18 ). 

Permeahility as a Function of Pressure Potential .—Soil permeability 
is measured per unit of cross-sectional area of soil. Since capillary flow 
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takes place through moisture films, we would expect capillary permea¬ 
bility to increase with increasing effective cross section of moisture films, 
and hence with increasing moisture in the soil. In this study the moisture 
content has been expressed as a function of pressure potential, which 
is directly related to the vapor pressure of the soil moisture, and is an 

TABI/E 5* 

Wetting and Drying Potentials and Permeability as Func¬ 
tions OF Moisture Content; Yolo Light Clay, Can No. 2 


Pw 

Wetting 1 

Drying 


JCtXlO* 

Pi. 


18 

-692 

0 012 



19 . 

-440 

0 022 

19.2 

-476 

20 

-366 

0 041 

20.2 

-368 

21 

-278 

0 064 

21.2 

-280 

22 

-224 

0 091 

22 2 

-208 

23 

-172 

0J33 

23.2 

-162 

24 

-140 

0 215 

24 2 

-126 

25 

-108 

0 398 

25 2 

-HI 

26 

- 86 

0.705 

26 2 

- 98 

27 

- 76 

0 88 

27 2 

- 82 

28 

- 67 

0 97 

28 2 

- 60 

29 

- 68 

1 06 

29 2 

- 48 

30 

- 50 

1 21 

30 2 

- 41 

31 

- 44 

1.48 

31 2 

- 36 

32 

- 37 

1 91 

32 2 

- 31 

33 

- 32 

2 56 

33 2 

- 28 

34 

- 27 

3 30 

34 2 

- 23 

35 

- 22 

4.40 

34 9 

- 16 

36 

- 16 

6 15 



37 , 

- 8 

8 60 



37 5 

0 

12 3 




• Owing to the liraitatioiiH of apace in (bia paper, tabular expeninon Ial data on 
the liiHtnbutioii of pressuie potentials and moisture is given for one soil column 
only 

t Permeability, K, was calculated from the velocity of flow, V, expressed in 
centimeters per second and the pre-ssuie potential gradient, expressed in 
grams per gram. The values for V were taken from table 4, and the values for 
were taken as the slope of the curve of in figure JI. 


especially useful function of the soil moisture density because it is also 
an index of its configuration. Accordingly, unsaturated permeability 
will be investigated as a function of (table .) and figs. 19, 20). 

Permeability is maximum at, or near, a pressure potential of zero for 
all the soils covered by this experiment. The permeability remains con¬ 
stant from zei'o pressure potential down to pressure potentials of —10 
to — 40. Saturation persists for some distance above the plane of zero- 
pressure potential, but this distance could not be determined by the 
method used for taking moisture samples. This height was probably 
from 1 to 3 centimeters above the plane of zero-pressure potential, and 
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Fig. 19.—Permeability as a function of pressure j)otential, K^f (^) with per¬ 
meability expressed us a perctmtage of the permeability at a pressure potential of 
zero. 


was entirely too small to account for the high permeability extending 
20 to 30 centimeters above the piezometrie surface. 

Permeability of the Yolo clay was less in the range of positive pressure 
than that at pressure potentials of zero to —fO gm-c!m/gm. Under cer¬ 
tain conditions differential swelling of soil colloids effected by wetting at 
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-400 -£00 O 

Press£/re po^eo^/o/ 

Fig. 20,—The logarithm of the permeability times 10** os a function of the pressure 

y 

potential^ log (JS^x 10®) = /(^), plotted for four soils. J£’ = — in which V is 

expressed in cubic centimeters per second, and V<I> in grams per gram. 

different pressure potentials may result in a greater permeability above 
the piezometric surface than that in the range of positive pressure. Yolo 
clay swells on wetting, but no change in the over-all volume of the soil 
was detected in the cans. In such swelling the solid particle with its ab¬ 
sorbed water may act as a larger solid particle, as far as the permeability 
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of the swollen soil is concerned. This would result in a greater effective 
volume of solid and lesser effective volume of pore space per unit volume 
of soil, and likewise, a lower total effective pore area and fewer con¬ 
tinuous pores per unit of cross-sectional area of the soil column. If the 
soil colloids swell in proportion to the pressure potential at which they 
are wetted, the total pore space effective in the conduction of water in 
the soil columns would decrease as this potential increased. Hence the 
per cent of effective pore space in the range of positive potentials would 
be less than in the range of negative potentials, and permeability may be 
greater for some distance above the piezometric surface than that ob¬ 
tained below this surface. 

The Effect of Texture on Soil Permeability .—The effect of texture on 
the manner witli which permeability changes with pressure potential is 
shown in figures 19 and 20. For the soils studied, saturated permeability 
increases with increasing coarseness of texture. In the range of capillary 
fiow, the rate of change of permeability with pressure potential, 9 K/dil/, 
increases with increasing coarseness of texture, such as to produce the 
reversal of permeabilities shown in figure 20. The soils arranged in per¬ 
meability series are, at saturation : 

saml>fiiie sandy loam>light clay>clay 


and at ^ — — 1(X) 

sand<fine sandy loam<Iight ctay<clay. 

Zero CapiUary Ptrmeahility .—The evaluation of the soil moisture 
conleiit, or the pressure potential in the soil at which capillary conduc¬ 
tivity becomes zero, is of importance in the study of soil-moisture prob¬ 
lems, sTich as; the di.sti‘ibntion of water in the soil, the tran.slocation of 
.soluble salts, the maximum height of cai)illary rise, etc. Richards {18) 
states that the water in soils is no longer present in a continuous liquid 
I>hase. and capillary flow ceases at the point where capillary conductivity 
becomes zero. At field capacity or at the normal moisture eapacitj’’ the 
<'apillary permeability of soils must be zero or approximately zero and any 
water translocation must take place in the vapor phase {13, 22, 33, 34). 

In this paper zero eapillai’y permeability is discussed under the two 
criteria: the pressure potential of the wetting front, and the pressure 
potential at which 9 K/Q ^ — 0. 

The advance of the wetting front was observed in the soil columns 
through celluloid-covered holes in the soil cans. Fore moisture samples 
were taken at the wetting front with a V4-iri<’h cork borer, care being 
taken to include no dry soil. The center of the core was about '^^e-inch 
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jbelow the wetting front. Since there was a moisture gradient in the soil 
column with the moisture density increasing with distance below the 
front, the samples may show a higher moisture content than that of the 
wetting front. The increase in the experimental value for moisture con¬ 
tent due to a moisture gradient could not be determined because the 
gradient itself could not be evaluated. The moisture gradient, however, 
decreases with increasing height of rise; and if the effect of the moisture 

TABIiE 6 

Moisture Content at Wetting Front for Three YoxjO Soils 


Fine sandy loam. 

Liffht clay, 

Clay, 

can No. 17 

can No. 20 

can No. 16 

Elevation 


Elevation 


Elevation 


of sample 


of sample 


of sample 

cm 

per cent 

cm 

per cent 

cm 

per cent 

13.1 

19.9 j 

7.6 ; 

24.6 

19 9 

26.1 

20 4 

19.6 

10 3 

25 1 

80.0 

20.8 

23 2 

20.2 

27 6 

24 3 

40 1 

24 9 

27 9 

21.0 

35.2 

24.0 

50.3 

25.9 

33 4 

20.5 

37 8 

24 4 

70 5 

25 6 

35.9 

20.8 

40 5 

24.1 



40.6 

21 6 

50 5 

25.9 



50.7 

19.8 





70 9 

20.6 





81.1 

19,7 


i 




Mean Pw (per centj 20 4 24.6 25 9 

^ (gin-om/gm)* —92 —120 —140 


• values taken from (jPw) curves. 

gradient is appreciable, the moisture content of the wetting front sam¬ 
ples should decrease from the bottom of the soil column to the top. No 
such relation was found; the wetting front samples showed a relatively 
uniform moisture content throughout the length of the soil columns. 
Table 6 lists wetting front moisture contents with the elevation of the 
front above the base of the soil columns. 

Wetting front samples were not taken from the Oakley sand j but from 
the nature of its curve of ^ == / (P«,) it is assumed to be at a pressure 
potential of approximately — 80 gm-cm/gm, and a moisture content of 
5.0 per cent. 

The following experimental observations, along with certain theoreti¬ 
cal considerations, may aid in characterizing the wetting front: 

1. Water advances in a front from wet to drier soil under the influence 
of capillarity {14, 36). Beyond the front, the soil remains apparently 
dry, and immediately at and behind the front, the soil is apparently 
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completely wetted. Macroscopically, there is a sharp line of demarcation 
between the obviously wet soil and the obviously dry soil. 

2. The moisture content of the wetting front determined by sampling 
is constant, indicating a constant potential and a constant radius of 
curvature. The pressure potential of the wetting front ranged from 
— 80 gm-cm/gm for the Oakley sand to —140 gm-cm/gm for the Yolo 
clay with intermediate values for soils of intermediate texture. 

3. The moisture content of the dry soil immediately beyond the wet¬ 
ting front was not definitely known. The air-dry soil was in equilibrium 
with air at a relative humidity of approximately 42 when wetting began. 
As the first approximation we may assume a relative humidity of 50 at 
a distance of 1 mm beyond the wetting front making the pressure poten¬ 
tial gradient across this region 1 X 10^ gm/gm. These assumptions may 
be in appreciable error, but whatever logical values are assumed, the 
pressure potential gradient from the dry soil to the wet is obviously 
very great. 

4. The existence of a great pressure potential gradient from the dry 
soil to the wetting front should insure the maintenance of the lowest 
possible pressure potential, and hence, the thinnest possible moisture 
films at the front consistent with continuous moisture films behind the 
front. 

5. We may adapt the explanation given by Adam (i) for the rise of 
water in capillary tubes to the rise of water by capillarity through a 
porous medium such as soil, although it is recognized that the capillary 
tube is filled with water back of the advancing meniscus, and in unsatu¬ 
rated soil the water films are only partly bounded by a solid. 

A. The liquid is not pulled through the soil by a hypothetical tension 
acting on the film which clings to and climbs up the surface of the 
soil particles. 

B. The energy relations determine what the stable contact angle shall be. 

c. The fluidity of the liquid permits the molecules to move about until 

they generate that angle. 

D. The contact angle and the dimensions and shape of the voids between 
the solid particles, determined by the effective texture and packing 
arrangement, govern the curvature of the liquid-air interface. 

E. The pressure difference arises from the free energy resident in the 
liquid-air interface. 

p. The liquid then flows up under the hydrostatic pressure. 

Disregarding for the present the translocation of water through soil 
in the vapor phase and the possibility of the establishment of continuous 
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moisture films through the agency of vapor flow, we may characterize 
the wetting front and some of its relations to the soil-moisture system in 
general from the five preceding observations: 

1. The wetting front represents an irregular surface of discontinuity 
with continuous moisture films behind the front, and discontinuous or 
nonexistent films beyond the front. 

2. At moisture contents below that characteristic for the wetting front, 
the capillary permeability of a soil to water in the liquid phase is zero. 
At these lower moisture contents the films are discontinuous, and there 
is no mechanism for liquid flow. 

3. The magnitude of the pressure potential gradient from the dry soil 
to the wetting front has no influence on the rate of advance of this front 
except that a wetter soil requires less water to establish continuous films 
than a drier soil. The advance of the wetting front is by liquid flow, and 
is proportional to the pressure potential gradient back of the wetting 
front. The water flows under hydrostatic pressure. 

4. At a given temperature, the curvature of the moisture films at the 
wetting front is characteristic for the soil solution and the soil, and does 
not vary with elevation of rise. 

5. The moisture content at the Avetting front is constant for a given soil 
solution and soil. 

6. At constant temi)erature, the pressure potential at the w'ctting front 
is constant for a given soil solution and soil. 

7. Water cannot rise by capillarity beyond the elevation at w hich the 
sum of the gravitational potential, the osmotic potential, and the pres¬ 
sure potential characteristic of the wetting front is ecpial to zero. 

All the considerations thus far with reference to the Avetting front ha\’e 
concerned only liquid floAV through soils Avithout the necessary interven¬ 
tion of vapor floAv w^hich is ahvays present in a three-phase system. The 
soil has also been considered as a granular solid of constant effectWe tex¬ 
ture and structure. The changes in the effective texture and structure 
with wetting cannot be completely described. It is known, howcA^er, that 
the mass effect of these changes is relatiA^ely insignificant in coarse-tex- 
tured soil, but may be of considerable magnitude in other soils. Swelling 
of the colloidal fraction due to wetting is the only change in the solid 
phase that will be considered. 

With the wetting front adA^ancing rather rapidly through air-dry soil, 
the structure and effective texture immediately beyond the whetting front 
is probably very much the same as that which is characteristic for the 
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dry soil. When the wetting front approaches its maximum height above 
the water table and advances more slowly, wetting of the soil in advance 
of the front through the agency of vapor flow is of greater relative mag¬ 
nitude, the soil colloids swell, a lesser radius of curvature of the liquid 
surface may establish continuous moisture films, and the pressure poten¬ 
tial of the wetting front may decrease progressively as the front advances 
from the water lable to the maximum height of capillary rise. Experi¬ 
mental evidence is not at hand to permit a quantitalive evaluation of the 
factors in the above speculation. For the present it seems worth while to 
bear these factors in mind, although they have not been determined, and 
though eventually Ihey may be found to be of little significance. 

IJnsaturated })ermeability cannot be separated experimentally into 
its components of vapor and liquid permeability. If, however, we assume 
that vapor permeability for a given soil is constant when liquid permea¬ 
bility is zero, then liquid permeability would be zero when 9 K/ 9 i/r = 0. 
In figure 39 the permeability of four soils is plotted as a function of the 
pressure potential. The permeability at each potential is expressed as a 
percentage of the permeability at zero pressure potential. The values for 
the i)ressm*e pot(‘n1ials at which capillary permeability becomes zero, as 
determined from moisture samples taken at the wetting front, are: Yolo 
fine sandy loam, — 92 gm-ein/gm ; Yolo light clay, — 120 gm-cm/gm; 
and Yolo clay, — 140 gm-em/gm. These potentials referred to the curves 
of K ~ f (ip), however, are not at values of ij/ at which 9 K/ d — But 
below tliese potentials botli K and 9 K/ 9 if/ are very small. It is indicated 
that the potential at the wetting front represents, at least to the first ap¬ 
proximation, the potential below which discontinuity occurs in the soil- 
moisture system, and is a critical point on the permeability curve at 
which ca]>illary permeability becomes approximately zero. It is also indi¬ 
cated that the determination of the Avetting front potential by sampling 
for moisture content is a j)racticable experimental procedure. This is 
worthy of further iinvestigation. 

INTERPRETATION OF SOME SOIL MOISTURE PHENOMENA 
IN TERMS OP PERMEABILITY 

The MoisiiiVf Equivah nf, —The moisture equivalent has been considered 
as representing a point on the pressure potential curve at which the 
pressure potential gradient of the soil is in approximate equilibrium 
with the centrifugal force applied, or at which the pressure potential is 
equal to —1000 gxn~cm/gm (SI ). According to the data presented in this 
paper, the pressure potential at the moisture equivalent is much greater 
than —1000 gm-cm/gm, A^aries with the texture of the soil, and repre- 
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sents the approximate ^ on the K = f(^) curves at which the water in 
the soil becomes discontinuous, and the capillary permeability becomes 
zero. 

Vapor permeability is high in sands. In centrifuging, the combined 
vapor and liquid flow reduces the moisture content of sand in the cen¬ 
trifuge cup to a pressure potential below that at which capillary flow 
ceases. In heavy clay the vapor permeability is low. The combined vapor 
and liquid flow is not sufficient to reduce the pressure potential of heavy 
clay to the point at which capillary flow ceases. The fact that the moisture 
equivalent of clay is generally higher, and of sands is generally lower 
than the fleld capacity would be expected from the above considerations 
of permeability. 

Hysteresis of Curves of pF = f (Pw) • —An adaptation of a technique 
originally proposed by Bouyoueos (5) has been used for the derivation 
of data for the development of pF = f (Pw) curves. The equipment re¬ 
quired in this technique is: a source of vacuum, a Buchner flask, and 
filter paper coated with a thin layer of silt. The silt-coated paper forms 
a porous plate of small pore dimension. To determine the drying pF, a 
thin layer of soil is placed on the filter paper, and a continuous liquid 
phase is established extending through the filter plate, funnel, and stem, 
and into the filter flask. A constant vacuum is applied to the flask 
for a time considered sufficient to remove excess water. At the end of 
the drying time the soil is removed from the filter and the moisture 
content determined. The pF at that moisture content is assumed to be 
equal to the logarithm of the negative pressure applied. A drying curve 
of pF = f(Pw) is developed from values of pF and Pw derived by 
repeating the procedure at different suction pressures. The technique 
for deriving the wetting pF is the reverse of that used in drying. In wet¬ 
ting, air-dry soil takes up water against a constant negative pressure 
maintained in the continuous liquid phase. 

The assumptions necessary for the application of pF data derived by 
the above technique are: 

1. At the end of the wetting or drying time, the pressure in the soil 
moisture films is at approximate equilibrium with the negative pressure 
applied. 

2. The moisture films are continuous from the water in the flask 
through the soil layer. 

The first assumption can only be valid within that moisture range in 
which the second assumption is true, since this technique is an approxi¬ 
mate and rapid method for determining pF, and is applicable only if 
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water transfer can take place in the liquid phase. The time allowed for 
each determination is obviously too short to allow establishment of equi¬ 
librium moisture conditions through the agency of vapor flow. 

The above-described technique, used at pressure potentials below 
which capillary permeability equals zero, would give erroneous results. 
On drying, the soil would lose water readily down to the pF at which the 
capillary permeability becomes zero. Further loss of water would be very 
slow through the agency of vapor flow. The experimental drying mois¬ 
ture content and pP would be higher than the true values representing 
eqiiilibrium with the suction applied. On wetting, no capillary flow could 
take place, and the soil would receive water only by condensation of 
water vapor. The experimental wetting moisture content and pP would 
be lower than the true values representing equilibrium with the suction 
applied. 

Curves of pP = f (Pw) derived by the above technique show hysteresis 
of considerable magnitude between the wetting and drying curves. At a 
given pP the moisture content in the drying curve is much higher than 
that in the wetting curve. It is suggested that many of the data were 
secured in the moisture range in which the moisture films were discon¬ 
tinuous and the capillary permeability was zero; and that approximate 
pressure equilibrium was not established between the soil water and the 
water in the filter pores. 

Moisture Distribution in Stratified Soils. —It is a well-known fact that 
a heavier-textured soil, underlaid by a coarse-textured soil, has a higher 
field capacity than the unstratified heavier soil (.2). This phenomenon 
can be explained on the basis of the characteristic pressure potential for 
each soil at which capillary permeability becomes zero. To illustrate this 
point, let us consider two columns of soil as f oUows: 

1. Column of unstratified Yolo clay 

A. K is approximately zero at ^ = —140 

B. Pto — 26 per cent at ^ — —140. 

2. Column of Yolo clay stratified with Oakley sand; K of Oakley sand 
is approximately zero at V' = — 80- 

After irrigation of the uustratified Yolo clay, water Avill flow down¬ 
ward under the influence of gravity until the moisture films become dis¬ 
continuous. The final moisture distribution in the soil, neglecting vapor 
flow and in the absence of a water table, would be at ^ = —140 and 
Pv> = 26 per cent. 

After irrigation of the stratified column, water will flow downward 
through the clay with a pressure potential at the wetting front of ap- 
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proximately —140. When the wetting front reaches the sand, flow can¬ 
not take place until the potential in the clay becomes greater than — 80 
which is the minimum pressure potential at which flow is possible in the 
sand. (For Yolo clay Po> = 30 at ^ = — 80.) The equilibrium moisture 
distribution in the clay, neglecting vapor flow, will be: 

Distance above sand . 

in centimeters r 

0 -80 

OtoGO 80 to-140 

Above 60 “140 

If we assume the same two soil eolumiis, ideally, under conditions of 
capillary rise: 

1. With the top of the sand stratum less than 80 centimeters above the 
water table, the height of capillary rise will not be affected. At equilib¬ 
rium, capillary water will rise to 140 centimeters above the water table. 

2. If the bottom of the sand stratum is at any elevation between 80 to 
140 centimeters above the water table, capillary rise will stop at 80 
centimeters or at the bottom of the sand stratum. 

3. If the sand stratum o(*curs so that a point 80 centimeters above 
the w^ater is in sand, then capillary rise will reach its maximum in the 
sand at 80 centimeters above the water table. Theoretically, a shift of a 
few millimeters in the elevation of the sand stratum may make a differ¬ 
ence of 00 centimeters in the maximum height of capillary rise. 

SUMMARY 

Data on the permeability of soils to water under saturated conditions is 
abundant; however, the unsaturated permeability of soils has received 
relatively little study, and published data on the subject are meager. The 
introduction of the potential function gave rise to the dynamic method in 
the study of unsaturated flow, and the development of the tensiometer 
instrument has made possible the direct determination of j)ressure po¬ 
tentials. 

All published data now available on the x)crmeability of soil to water 
in unsaturated flow were derived by the dynamic method from pressure 
potentials determined directly from tensiometers placed in the soil. This 
method was used in the soil-permeability studies reported in this paper. 

Six soils, ranging in texture from sand to clay, were investigated under 
laboratory conditions of capillary rise. The soils were placed in metal 
cylinders with water supplied to their bases at a constant pressure suffi¬ 
cient to establish saturated conditions in the lower portion of the col¬ 
umns. Water flowed upward through the columns under the influence 
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of positive hydrostatic pressures in the saturated zone, and of negative 
hydrostatic pressures, or by capillarity, from the water table to the sur¬ 
face of the columns where it was removed by evaporation. 

Pressure potentials in the unsaturated soil were studied as functions 
of moisture contents by determining the pressure potentials, in gram- 
Cf*ntimeters per gram, directly from tensiometer readings and the mois¬ 
ture contents, Pw, by sampling the soil columns. The relation between ^ 
and Pw for each soil w-as represented graphically in curves oi^ — f (Pw) ■ 
Hysteresis in the relation of ^ to Pw was found for all the soils, according 
to whether they were wetting or drying. At a given Pw, ^ was less after 
drainage than during the wetting proce.ss. The data of this experiment 
also indicate that for soils drjdng, the pressure potential depends upon 
the range through which the soil has dried. 

The pressure potential in an unsaturated soil at eonstant moisture 
content increases with increasing temperature, and the amount of w'ater 
held in the soil at a given pressure potential decreases with increasing 
temperature. During periods of temperature change in a soil column in 
which there is a high water table, these relations cause w'ide variations in 
the rate of water uptake from a water table. Tinder field conditions, rapid 
changes in soil temperature above a water table would be accompanied 
by rising water tables with rising temperature, and falling water tables 
with falling temperature. 

The pre.ssurc potential of the water films in a soil is a measure of the 
curvature of the films and an index of the degree to which the soil is 
saturated. The relation of soil permeability. K, to pressiire potential w'as 
studied and curves of K f (i/r) were developed. K could also be studied 
as a function of Pw through the relationship between \p and Pw- Perme¬ 
ability was a maximum at or near saturation and decreased rapidly with 
decreasing Pw to approximately the moisture equhalent of the soil, at 
which moisture content the permeability was very low and remained 
constant or decreased only slightly with further decreases in moisture 
content. At this ])oint 9 K/ 9^ = 0 (approximately). This moisture con¬ 
tent is also approximately that of the wetted front generated as the water 
advanced upward through the dry soil above a water table. These two 
criteria, the Pw at which 9 K/ difi — O and the Pw of the wetting front, 
are interpreted as representing the Pw at which the moisture films in the 
soil become discontinuous and at w'hich the capillary permeability of the 
soil is zero. 

The texture of a soil affects permeability bj’ its influence on the size, 
number, and continuity of the interspaces or pores. For soils of a like 
nature, such as the members of a single soil series, the size of pores de- 
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creases and the number of pores increases with increasing fineness of 
texture. The soils imed in this experiment, arranged in order of permea¬ 
bility are, for saturated flow 

sand>fine sandy loam>light clay >clay 

and for unsaturated flow at ^ == —100 

sand<flne sandy loam<light clay <clay. 

If arranged in order of decreasing pressure potential at which unsatu¬ 
rated flow is approximately zero, the sequence obtained is: 

sand>fine sandy loam>light clay >elay. 

Knowledge of the variation of permeability with texture, especially 
the pressure potential at which capillary permeability is approximately 
zero, is fundamental to the consideration of the relative rates and maxi¬ 
mum height of capillary rise, to the field capacity in stratified and non- 
stratified soils, and to single-valued “constants” such as the moisture 
equivalent, the field capacity, and the normal moisture-holding capacity. 
These experiments indicate that the pressure potential of the soil mois¬ 
ture at these constants varies with the texture of the soil. They are at the 
approximate if/ on the curves of K == / (^) at which the moisture films in 
the soil become discontinuous and the capillary permeability becomes 
zero. 
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SOIL MACEOSTBUCTURE AS AFFECTED BY 
CULTURAL TREATMENTS^ 

RALPH a COLE* 

INTRODUCTION 

This investigation was undertaken to find a quantitative method of ex¬ 
pressing the structural condition of the soil, and by means of this method 
to study the effects of various mechanical treatments with respect to 
changes in structure. The effects of irrigation and of tillage operations 
were of particular concern. Seasonal changes were also observed. 

Shaw (i7)' has defined soil structure as: 

A term expressing the arrangement of individual grains and aggregates that make 
up the soil mass. The structure may refer to the natural arrangement of the soil when 
in place and undisturbed or to the soil at any degree of disturbance. The terms used 
indicate the character of the arrangement, the size and shape of the aggregates, and 
in some cases may indicate the consistence of those aggregates. 

As thus defined, the term “soil structure” is obviously descriptive, and 
as such is not capable of being expressed by any specific measurement or 
number. 

Many measurements of the physical properties of soils, which are 
dependent on the structure, have been made; and any of these measure¬ 
ments may be considered as an index of soil structure. These measure¬ 
ments are made either of the macro- or microstructure. A greater amount 
of work has been done on the microanalj'sis, which has been mainly meas¬ 
urements of the size distribution of particles after the soil has been slaked 
in water. The macroanalyses have been mainly measurements of the 
size distribution of coarse aggregates of soils obtained under field con¬ 
ditions in an undisturbed state. This present investigation is of the latter 
type; the method will be described in detail later. Other methods, such 
as the pull on the drawbar of a tillage implement, the amount of pressure 
required to force a sharpened instrument into the soil, and porosity 
measurements such as water penetration, air movement, so-called “capil¬ 
lary and noncapillary” pore space, and measurements of volume weight, 
have been used as indexes of soil structure. 

* Received for publication November 1,1937. 

•Instructor in Soil Technology and Junior Soil Technologist in the Experiment 
Station. 

• Italic figures in parentheses refer to “Literature Cited/^ at the end of this paper. 
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The work here reported was carried out on soils of the Yolo, Denverton, 
and Capay series, on the University Farm at Davis, California, and on 
private farms nearby. Quantitative measurements were made of the 
changes in the size distribution of aggregates after tillage operations and 
irrigations, and of changes directly attributable to changes in the seasons. 
The studies on the effect of tillage operations were made in orchards, in 
fields in the preparation of seedbeds, and in test plots for special-study 
purposes. 

The tillage operations in orchards were for the express purpose of con¬ 
trolling weeds. Those in the preparation of seedbeds were variable and 
dependent upon the season in which the crop was to be planted and the 
nature of the crop itself. In some of the seedbed preparations, preirriga¬ 
tions were made to insure an adequate moisture supply before seeding. 


REVIEW OP LITERATURE 

In this brief review of literature, no attempt is made to discuss all of tlie 
work that has been done on soil structure. A few papers dealing with 
each phase arc mentioned, even though some of them bear rather indi¬ 
rectly on this investigation. 

Russell {15), at Rothamsted, investigating the factors of importance 
in crumb formation in soils, found that clay particles can form strong 
aggregates or crumbs when dry, only if the clay particles are sufficiently 
small, if there are a sufficient number of small exchangeable ions on 
the clay, and if the clay has been dried from a dispersion medium whose 
molecules are polar and .sufficiently small. Tiulin {18) in Russia, Demo- 
Ion and Henin {9) in Prance, Novak {14) in Czechoslovakia, Bouyoucos 
(5), Baver and Rhodes {!), and Cole and Edlefsen {6,10) in the United 
States, all have measured water-stable aggregates by sedimentation, or 
by wet sieving and sedimentation, as indexes of soil structure. In most 
cases, these workers recognize that certain aggregates are fairly stable 
in water, and that in some cases very drastic treatments are necessary to 
break them down materially. Demolon and Henin {9) and Tiulin {18) 
describe soil aggregates as being of two kinds: those that are water-stable 
are formed with clays whose base-exchange cations are dibasic, and those 
stable only in the dry condition are formed from eompressijn, or with 
clays whose base-exchange cations are monobasic. All of the workers re¬ 
ferred to are in accord in thabelief that the formation of aggregates takes 
place as soils are being dried out. Vilensky {20) has shown that soils 
which give the greatest stability against slaking and require the greatest 
force for deformation of dry aggregates have definite moisture ranges. 
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In macroaggregate analysis, the work of Keen {12) and his associates 
is among the first. In this work, samples were obtained during tillage 
operations by cutting out rough cubes of soil with a spade and trans¬ 
ferring them to a nest of sieves. The sieves were gently shaken a definite 
number of times and the material retained on each sieve was weighed. 
Chapman (5) observed that two plots on the North Dakota Experimental 
Farm were widely different in structure and measured this difference by 
sieve analysis of air-dry samples taken from each plot. Hoffman* deter¬ 
mined the size distribution of aggregates before and after tillage with 
various kinds of implements. He used a 14-inch cylinder, which was 
driven into the soil to the depth of tillage and then inserted a steel plate 
under the cylinder to permit the removal of the soil in an undisturbed 
condition. The sample was then transferred to a graded nest of sieves 
that were shaken by hand and the weights determined. He was able to 
get good agreement between replications with the few tests made. 

Keen {12) and his co-workers have used the drawbar pull on tillage 
iini)lements which they measured with dynamometers to indicate the 
differences in soil slrueture. They also used the depth of penetration of 
a sharpened instrument into the soil under definite impact as a means of 
measuring the compaction. Davis {8) has further perfected this appara¬ 
tus with a meclianical data recorder, and has used it extensively. Another 
even simpler and less expensive implement of this type has been designed 
and used by (hilpin (7). This instrument also has a self-recording at¬ 
tachment. 

The measurement of the porosity of soil by permeability of gases and 
liquids has been used as a means of studying certain physical properties. 
Bonj'oucos {3) has devised a method of measuring water penetration by 
slaking a definite quantity of soil on a filter paper in a Buchner funnel 
and then (ipplying suction. Methods of studying permeability by means 
of various kinds of tubes arc too numerous to mention here. Buehrer (4) 
at Arizona has devised a method of passing air through soils under defi¬ 
nite conditions of compaction, and using tlie values thus obtained to 
define soil structure. Dojarenko (according to Krause, IS) in Russia has 
measured tin* so-called “capillary and noncapillary’’ pore space as an 
expression of the soil structure, considering these values to be much more 
expressive of the physical properties of field soils than volume-weight 
expressions where the total pore space alone is calculated. The deter¬ 
mination of capillary and noncapillary pore space is made by taking a 
column of soil 10 cm high, setting it on a piece of filter paper that is in 
contact with a free water surface, and permitting the soil to absorb as 

* Hoffman, A. II. Unpublished manuscript. 
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much water as possible in 48 hours. The volume of water retained under 
these conditions is known as “capillary pore space” and the remainder of 
the pore space is considered “noncapillary pore space.” He designed a 
special tube 10 cm high with a volume of 100 cc for obtaining samples in 
an undisturbed state. The principal objection to this measurement is 
that the amount of water that can be absorbed by any given soil will 
depend on the height of the column. 

EXPERIMENTAL METHODS 

Soils .—The soils on which experiments were carried out are of the Yolo, 
Capay, and Denverton series. These are all mineral secondary soils de¬ 
rived from sedimentary rock sources. 

The Yolo soils are recent alluvial soils occupying smooth, gently slop¬ 
ing alluvial fans. There are wide variations in textural types within this 
series. Normally the surface soils are friable, but they become easily 
puddled under improper management. The subsoils are loose and friable, 
and of various textures. Stratification is common in the subsoil. Drainage 
is adequate and root and water penetration through the soil is excellent. 

The soils of the Capay series are closely related to those of the Yolo 
series but are found further out on the alluvial fans with flatter relief 
and somewhat restricted drainage. The surface textures are heavy, 
usually of clay texture, and exhibit an adobe structure. When wet, these 
soils are very sticky, and when dry, large cracks occur which leave the 
soil in large hard adobelike blocks. The subsoil is of somewhat heavier 
texture than the surface soil, and is considerably compacted. This greatly 
inhibits root and water penetration. During the rainy season, water often 
stands in pools on the surface for a considerable period of time. As the 
water disappears from the surface, the surface soil dries rapidly and 
adobe cracks form, but the subsoil remains saturated for a considerable 
period of time after the surface soil becomes dry. The water table is often 
found within 6 feet of the surface in these soils. 

The Denverton soils occupy high rolling terraces, often with fairly 
steep slopes. The profiles are immature to semimature in stage of develop¬ 
ment. Surface textures are usually heavy clay loams or clays that have 
definite adobe structures. Unlike those of the Capay soils, however, the 
adobe blocks have a large number of secondary cracks. This condition 
renders the surface soil very friable. The large adobe blocks break down 
readily to small angular units which are fairly stable. The subsoil is 
somewhat compact yet it is moderately permeable to roots and water. The 
physical properties of these soils are far more favorable to root and 
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water penetration and to cultural treatments than the soils of the Capay 
series. Owing to their irregular relief, however, they are seldom brought 
under irrigation. 

Method of Sampling .—The samples were taken to tillage depth in the 
case of cultivation tests, and to specified depths in the case of irriga¬ 
tion testa and studies of seasonal variations, by driving a 14-inch steel 
cylinder into the soil, excavating the soil from around the cylinder, and 
driving a piece of sheet steel under it to remove the samples without 
disturbing the structure. The samples thus obtained were carefully trans¬ 
ferred to orchard lug boxes and permitted to dry slowly under shelter. 

In 1935, the percentages of moisture and the volume weights were 
obtained at the time the samples were collected. 

Volume-Weight Determinations .—During the 1935 season, a method 
was found for determining the volume weight of the soil as samples were 
being taken for aggregate analyses. The volume weight was measured by 
using the same cylinder and sample as was used for sampling for aggre¬ 
gate analysis. After a sample had been removed from the ground as de¬ 
scribed under “Methods of Sampling,” a straight-edge was placed across 
the top of the tube, and from 75 to 100 measurements, spaced systemati¬ 
cally over the surface, were made from this straight edge to the surface 
of the soil in the cylinder. This permitted calculating the portion of the 
cylinder unoccupied by the sample. The difference between this figure 
and the total volume gave the volume of the sample. Aliquot moisture 
8ample.s were taken in duplicate, from the soil right next to where the 
sample had been removed, and these were used as the moisture content 
of the sample in calculating its volume weight. The entire sample was 
weighed as it was taken from the field, and from the data thus obtained 
the volume weight w'as calculated. Replicates agreed within 5 per cent, 
which is considered good for this type of sampling. In all volume-weight 
determinations here reported the figures quoted are averages of 4 repli¬ 
cates. 

Method of Sifting .—The air-dry samples were sifted in two stages: 
first through a nest of very coarse sieves, then in a Ro-tap shaker. 

The nest of coarse sieves (designed especially for this purpose) is made 
of wooden boxes 8 inches deep and 2x3 feet inside dimensions with rods 
or pipes to form the sieves, the diameters being proportioned to the size 
of the opening. The coarsest screen has 1^^-inch rods set 6 inches apart 
on center, which gives openings of 4% inches; the next has %-inch rods 
4 inches apart on center, which gives openings of 3Vi inches; and the 
third screen has %-ineh rods 2 inches apart on center, which gives 1%- 
inch openings. The fourth is a box of the same size with a solid bottom. 
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in which the material passing through the finest sieve is caught. These 
are nested in a frame and held in place by dowels. This frame is mounted 
on wheels which fit on tracks of 2-inch angle iron. The tracks have stops 
at each end that permit a 24-inch movement of the nest of sieves. These 
tracks are mounted on rockers, which rock the frame while it is being 
rolled along the tracks. Twelve shakings of this sieve are sufficient to 
separate the sample to its various sizes. 

The material collected in the solid box of the large shaker was sifted in 
a Tyler Eo-tap shaker. The sieves have openings of approximately %, %, 
%2> %4 j and %28 inch. The first two are unnumbered, but the last 
four are 4, 8,14, and 28 mesh, respectively. The material fine enough to 
pass through the finest mesh was caught on a solid pan that could be 
nested with the sieves. As only 3 pounds of soil can be shaken in this ma¬ 
chine at one time, a number of determinations were necessary for each 
sample. 

The Ro-tap shaker is operated with an electric motor and has a speed 
of about 150 shakes a minute. There is a horizontal movement of about 2 
inches, and at the same time a vertical displacement of about 1 inch 
caused by a hammer that bounces the sieves up and dovii. Fifty shakes 
were found to be sufficient to sift a samide (see p. 437). 

The soil aggregates have irregular shapes, yet they are compared as if 
they had regular shapes. Since their exact dimensions are not known, tlie 
calculation of the surface cannot be made in definite units, but only in 
relative terms, and so the comparison of surfaces on all the fractions of 
the sample is called “relative surface” and is expressed in nondimen- 
sional units. 

In using the relative-surface values as here calculated, two assump¬ 
tions are made: (1) that aggregates within the same sample of soil have 
the same volume weight; (2) that the aggregates are cubes. 

The value is calculated on the actual size of the sieve opening, which 
is the minimum size of particles in any size range, except for the fraction 
which passes through the finest sieve. Here an arbitrary value of one-half 
that of the finest sieve is used. These minimum values are proportional to 
the mean values for the size ranges and hence will not affect the ratio 
for the various sieve openings. 

Since the same set of sieves was used for all of the sieve analyses, the 
value is a constant for any one fraction. The values for these fractions 
are as follows: through %28 inch, 416.0; inch, 208.0; %4 inch, 104; 
%2 inch, 52; %o inch, 26; % inch, 13.0; % inch, 6.5; 1% inches, 3.0; 
3^ inches, 1.56; and 4% inches, 1.0. 
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The relative-surface values are obtained according to the following 
formula: 

where: 

R8 — relative surface 
Oi = sieve opening of the coarsest sieve 
O 2 = sieve opening of the next coarsest sieve 

= per cent of sample retained on the coarsest sieve 
M 2 ~ per cent of sample retained on the next coarsest sieve. 

The finest fractions have such a great influence on the values for rela¬ 
tive surface that small differences in the percentage values for these 
finer fractions greatly affect this value, whereas large differences in the 
coarser fractions do not alter it very much. 

Two soils with entirely different size distributions of aggregates may 
have very close relative-surface values; and, likewise, other soils that 
have very similar size distribution of particles may have relative-surface 
values that are not so close. If the i)erceutage values for the three finest 
fractions are very much alike, the relative-surface values will not be 
greatly altered by a drastic change in the size distribution of the other 
seven fractions. In order to get a more complete picture of the changes 
that occur within any soil, both the figures for the size distribution of 
aggregates and the values for the relative surface are presented in form 
of tables, or, where the data on size distribution of aggregates are plotted 
as curves, the values for the relative surface are given in tabular form 
with the legend for the curves. 

Plotting of Data on Graphs .—Slany of the results here presented are 
plotted on graphs, which afford an easy way of making comparisons. 
The sieve openings are plotted as abscissas and summation percentages 
as ordinates. Summation percentages are used instead of the percentages 
on each sieve because the curves thus plotted are much easier to compare. 
When curves on the same graph are compared, the curve highest on the 
graph has the finest aggregates. 

In the lower right-hand corner of each graph, the data for the four 
finest fractions are replotted on a larger scale: the scale for the abscissa 
is 10 times, and that for the ordinate 2 times, the respective scales on 
the main graph. 
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EVALUATION OF THE METHODS USED 

Effect of Sifting .—^Ag the term is used in this discussion, a “soil aggre¬ 
gate” is composed of a number of individual soil particles that form a 
mass sufficiently stable to act as an individual unit. 

Many of the clods had rather large cracks as the sample was placed on 
the large sieve. In most cases, the sifting manipulation was severe enough 
to break the clods apart at the cracks into aggregate units, but not severe 
enough to break up uncracked units. Careful observations of the clods 
on each sieve revealed that very few of them showed any cracks, yet their 
surfaces did not show fresh breaks, which was taken to indicate that very 
few aggregate units were broken in this process. 

The amount of shaking will obviously affect the results: if inadequate, 
the sample will not be completely separated; if too prolonged, the aggre¬ 
gates will be broken or worn down. 

The data recorded in table 1 show two tests on Sacramento adobe clay 
with the Ro-tap shaker. The samples were shaken 50 times in the usual 
manner and the weight on each sieve recorded. The material was re¬ 
assembled and the process repeated, this time with 200 shakings. The 
data were again recorded and the process repeated several times, with 
250 shakings at each repetition thereafter, until 1,500 in all had been 
given the samples. 

The percentage on the intermediate and finer sieves (%a» % 2 > %*> aufi 
%28 inch) did not change very much. The two coarsest sieves lost some 
material, and the solid pan gained a little by each successive series of 
shakings. These results indicate that although there is some wearing 
down of aggregates by shaking, it is more a case of grinding off corners 
than breaking down aggregates. A careful examination of the aggregates 
at the end of this prolonged shaking showed that, especially on the three 
coarsest sieves, they are well rounded, having almost the appearance of 
water-worn gravel. These data clearly show that the aggregates are 
sufficiently stable to be measured in this manner, and that 50 shakes of 
the Ro-tap are enough to separate the sample properly into the various¬ 
sized units. 

Variability of Samples .—A certain amount of variability in the sam¬ 
ples is to be expected, so that no one determination will convey a true 
picture of the state of aggregation of any soil. An average of several 
determinations will more accurately describe this condition, and all of 
the data presented are averages of four or more replicate samples. 

Table 2 shows differences between 8 individual samples on each of 
three different sets taken in an orchard on Yolo loam as the field was 
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being cultivated. The first set was taken before any tillage operation, the 
second after the same strip had been cultivated in one direction with a 
heavy disk harrow to a depth of 4 inches, and the third after it had been 
cross-cultivated with the same implement at right angles to the first op¬ 
eration. The cultivations were made on the same day, within a few hours 

TABLE 1 


PSKCENTAOE DISTRIBUTION OF SOIL AGGREGATES AFTER VARIOUS NUMBERS 

OF Shakings in the Bo-tap Shaker 


Number 

of 

shakings 

1 

Sieve opening 

Total 

Through 
3/128 inch 

3/128 

inch 

3/64 

inch 

3/32 

inch 

3/16 

inch 

3/8 

inch 

1*1 

First test 

50 

15 1 

13 0 

18 1 

17.5 

16 6 

16 7 

2 9 

99.8 

250 

15 8 

13 5 

18 7 

17 3 

16 5 

14 0 

2 7 

99.5 

500 .. 

17 5 

13 9 

19.2 

17,6 

16.0 

13 7 

1 8 

99.6 

750 

18 1 

14 0 

19,2 i 

17 9 

16.0 

12 5 

1 8 

99.5 

1.000 

18 6 

14 1 

19 6 1 

17.9 

15 8 

11 7 

1.8 

99.5 

1,260 

18 0 

14 3 

19 6 1 

18.0 

15 7 

11 2 

1 8 

99 5 

1.500 

19 4 

1 

14 3 

19 7 1 

18 0 

15 5 

12 0 

0 8 

99.7 


Sticond test 


50 

15 8 

12 3 

16.9 

16 0 

16 4 

19 6 

2 9 

99 9 

250 

17.5 

12 8 

17 1 

16 3 

15 8 

17.6 

1.9 

100.0 

500 

18.0 

12 8 

17.4 

16 5 

15 5 

17 4 

1 9 

99.5 

750 

18 7 

12 8 

17 4 

16 5 

15 8 

16 7 

1 7 

09.5 

1.000 

19 2 

13 1 

17 4 

16 6 

15 3 

16.2 

1 0 

98.8 

1,250 

19 5 

13 2 

17.4 

16 8 

15 6 

15 1 

1 0 

98.6 

1.500 

20 1 

13 I 

17 6 

16 9 

15 5 

14 4 

1 0 

98.6 


of each other, and all of the samples were taken within an area about 20 
feet square. 

Definite pulverizing effect is obtained by each tillage operation, yet 
there is considerable variation between individual samples for each treat¬ 
ment. There is usually a greater A’ariability in the coarser fractions than 
in the intermediate and finer fractions. Some variability may be ascribed 
to the method of making the determinations, but much more of it is due 
to the natural heterogeneity of the soil, so that an average of a number 
of replicate samples for the same treatment is the only safe way of 
making comparisons between different cultural treatments. 

Comparison of Moist and Air-dry Sifting .—Keen (.12) and Hoffman* 
sifted their samples as they were taken from the field. In the present 
study, because comparisons were to be made between samples taken from 

* Hoffman, A. H. Unpublished manuscript. 
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fields under variable conditions of texture and moisture, and also at 
different seasons, it was desirable to bring the samples to moisture condi¬ 
tions as nearly comparable as possible. The air-dry state is most con- 

'rABliE 2 

Variability in Percentage Distribution or Soil Aggregates in Individual 

Samples or Tolo Loam 


Sample 

No. 

Sieve opening 

Rela¬ 

tive 

surface 

TJI rough 

3/128 

inch 

3/128 

inch 

3/64 

inch 

3/32 

inch 

3/16 

inch 

3/8 

inch 

3/4 i 
inch 1 

inches 

incl. 

inches 


No cultivation 


1 

5 0 

1 8 

2 6 

3 

7 

5 5 

9 1 

14 2 

24 1 

24 8 

9 5 

3.380 

2 

3 9 

1 4 

2 2 

3 

3 

5 1 

8 2 

12 5 

18 4 

10 6 

34 3 

2,741 

3 

4 8 

1 7 

2 5 

3 

9 

5 3 

8 0 

12 0 

17.4 

27 5 

16 5 

3,243 

4 

4 2 

1 3 

2 0 

3 

4 

6 0 

10 ft 

18 4 

20 2 

21 2 

12 4 

2,935 

R 

5 8 

1 7 

2 4 

3 

7 

5 6 

9 6 

11 4 

31 7 

28 2 

0 0 

3,694 

6 

7 4 

1 9 

2 8 

4 

3 

6 5 

10 6 

14 6 

30 7 

12 1 

1 8 9 

4,513 

7 

6 6 

1 9 

2 9 

4 

5 

6 8 

10 3 

13 1 

28 1 

17 8 

1 8 2 

4,191 

8 

4 5 

1 4 

2 0 

3 

2 

4.9 

7 4 

11 9 

If) 5 

19 0 

; 29 3 

2,947 

Av. 

5 3 

1 6 

2 4 

3 

8 

- 

5 7 

0 3 

13 5 

23 4 

20 2 

14 9 

3 460 


Cultivated one wav 


9 

10 9 

3 3 

4 7 

6 8 

9 2 

13 0 

15 8 

20 7 

15 5 

0 0 

6.65<» 

10 

9 6 

3 2 

4 7 

7 5 

10 3 

15 9 

22 6 

26 4 

0 0 

0 0 

6,242 

11 

14 3 

4 1 

5 1 

8 0 

14 3 

18 2 

20 2 

11 6 

4 2 

0 0 

8.570 

12 

12 1 

3 7 

5 3 

7 4 

11 1 

15 5 

18 2 

16 1 

10 3 

0 0 

7,390 

13 

12 6 

3 0 

4 3 

6 7 

9 9 

13 7 

17 8 

27 9 

4 2 

0 0 

7,290 

H 

12 7 

3 4 

4 3 

6 0 

8 7 

12 1 

15 9 

14 0 

22 8 

0 0 

7, .300 

15 

10 2 

3 2 

5 1 

8 2 

11 4 

15 2 

19 3 

IS 5 

9 0 

0 0 

6,651 

16 

11 3 

2 9 

4 4 

7 0 

11 2 

15 7 

20 1 

22 2 

0 0 

0 0 

6.857 

Av. 

11 7 

3 4 

4 7 

7 2 

10 8 

14 9 

19 5 

! 

19 7 

8 3 

0 0 

1 

7,113 


Cultivated 2 w'ayi* 


17 

17 7 

5 6 

8 1 

11 7 

14,7 

17 9 

14 6 

9 8 

0 0 

0 0 

10.724 

18 

12 7 

4 6 

0 7 

10 0 

13 6 

17 8 

22 4 

13 2 

0 0 

0 0 

8.285 

19 

10 9 

5 4 

7 2 

10 1 

13 6 

17 4 

17 8 

11 6 

0 0 

0 0 

10 158 

20 

14 2 

4 8 

6 8 

9 0 

13 0 

17 1 

25 4 

9 5 ! 

0 0 1 

0 0 

8 829 

21 

23 1 

5 S 

7 3 

9 6 

11 7 

13 5 

13 7 

12.9 

2 2 

0 0 

12,678 

22 

15 3 

5 7 

8 3 

12 5 

17 9 

20 9 

15.4 

3 7 

0 0 

0 0 

9.986 

23 

14 5 

5 9 

8 2 

11 0 

13 6 

10 0 

15 1 

12 2 

2 5 

0 0 

9..393 

24 

18 0 

7 0 

8 9 

11 3 

13 5 

16 2 

15 8 

4.7 

4 1 

0 0 

11,303 

Av. 

16.0 

5 6 

7 7 

10 7 

14 0 

17 1 

17 5 

9 7 

1 1 1 

0 0 

10,203 


venient, even tlioug’h this necessitates storing the samples while drying. 

A few tests were made to compare samples sifted at field moisture 
content and under air-dry conditions. The data (table 3) for samples 
from fields of Yolo loam and of Yolo silt loam are presented to show the 
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differences in samples taken at the same time, one set sifted immediately 
after sampling, and the other air-dried before sifting. Replicate samples 
agreed well when sifted moist as well as when sifted in the air-dry state. 
There were marked differences in the size distribution under these two 
systems of handling the samples. The amounts both of very coarse mate¬ 
rial and of fine material were always greater when sifted in the air-dry 
condition. 

At field mijisture content, the larger aggregates seem to have been 
weak enough to be broken by the amount of agitation necessary for com- 


TABLE 3 

Percentaok Distkibution op Size Aggregates Sifted Air-dry 
AND AT Field Moisture Content 







Sieve opening 



j 



! Per 











Rela- 

Soil aiul plot No 

ft»nt 











tive 


of 

ThioiiKli 

3/128 

3/64 

3/32 

3/16 

3/8 

3/4 

m 



8ur~ 


water 

3 '^12H 

inch 

inch 

inch 

inch 

inch 

incli 

inches 

inches 

inches 

face 



inch 




1 





i 


Yolo loam 













Plot 1 

f 3 42 

5 4 

3 5 

4 6 

6 2 

8 5 

12 2 

15 0 

23 0 

17 6 

4 3 

4,362 


iO 9 

1 0 

7 3 

12 2 

11 4 

13 9 

17 3 

IS 1 

13 8 

4 9 

0 0 

4.791 

Plot 2 

/ 3 Of) 

« 2 

3 7 j 

4 8 

6 2 

8 3 

11 3 

14 3 

23 5 

21 6 

0 0 

4,718 


\20 1 

2 0 

7 3 ! 

11 6 

10 7 

13 0 

16 4 

17 2 

19 b 

2 0 

0 0 

4,805 

Plot 3 

f 3 30 

3 5 

2 0 

3 0 

4 1 

6 0 

9 7 

15 6 

25 1 

26 2 

4 7 

2.930 


(21 5 

0 3 

3 3 

9 5 

9 4 

11 5 

15 9 

18 3 I 

25 5 

6 3 

0 0 

2.993 

Yolo Blit lottOl 





j 








Plot 1 

1 3 10 

f. 5 

2 5 

3 0 

4 3 

6 6 

10.1 

14 1 

27 3 

19 9 

6 2 

4,259 


121 9 

4 2 

G 6 

b 7 

9 0 i 

11.7 

15.8 

19 9 

20 5 

3 3 

0.0 

5.202 

Plot 2 

( 3 25 

6 8 

2 6 

3 2 

4 4 

6 3 1 

9.6 

14 6 

25 9 

14 4 

12 3 

4.436 


\2i 7 

3 4 

8 5 

11 3 

11 0 

13 4 

17 6 

19 3 

14 1 

1 4 

0 0 

4.632 

Plot 3 

/ 3 IH 

3 8 

2 3 

3 I 

4 4 

1 

6 6 

10 5 

15.4 

24 3 

23 7 

6 0 

3.124 


\21 7 

0 8 

5 3 

7 6 

8 4 

11 2 

14 4 

15.8 

26 9 

9 7 

0 0 

3.350 


pleto separation with this apparatus. On the other hand, there "was less 
material fine enough to pass through the finest sieve. The moisture films 
undoubtedly held the dust particles together in aggregates sufficiently 
stable to prevent their passing thi'ough the finest sieve on the Ro-tap 
shaker. In two respects, therefore, size distribution of aggregates as 
found by sifting the samples at their field moisture content is obviously 
different from that of the samples when taken from the field. 

With the air-dry samples, on the contrary, the stability previously 
demonstrated (p. 437) for the air-dry aggregates indicates that the size 
distribution as found by sifting was essentially the same as that before 
sifting. It may be argued that there is a possibility for change in the size 
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of the aggregates as the samples dry out, but this phase was not inves* 
tigated. 

The relative-surface values under the two different sets of conditions 
are not greatly different. 

For comparison of the degree of wetness of the various samples, the 
ratio of the moisture content to the moisture equivalent at the time of 
sifting is given in table 4. These soils were all sampled the same length of 
time after a series of irrigations, and were very close in their degree of 
wetness and actual moisture content. 

TABLE 4 

Batio or Pesc£ktaok or Watka at Fiicu> Capacity to Moistubx EqT;tvAi.ENT 
m Yolo Loah and Yolo Silt Loam 


Soil and location 1 

Per cent 
moisture j 

Moisture 

equivalent 

Per cent HsO 

-XlOO 

M.E. 

Yolo loam 




Plotl... . 

20 9 

25 15 

0 83 

Plot 2 . . 

20.1 

25.30 

0.79 

Plots .... 

21.5 

25.88 

0 83 

Yolo silt loam 




Plot 1. 

21.9 

25.95 

0 84 

Plot 2. . 

21.7 

26.42 

0.82 

Plots. 

21.7 

26.80 

0.81 


EFFECT OF TILLAGE ON MACROSTRUCTURE 

Orchards .—^Permanent crops, such as orchards and vineyards, are 
usually subjected to tillage operations for the purposes of turning under 
covercrops or destroying weeds. Usually this is done with disks of some 
type, either single or double, and the depth of penetration of the imple¬ 
ment is rather shallow, 3 to 6 inches being the most common. In the 
present study, the implement was a heavy single-disk harrow, operated 
at depths of 4 to 5 inches. The second cultivation, when given, was at 
right angles to the first. 

Table 5 gives the data for orchards on the Yolo series. In all cases, each 
tillage operation had a distinct pulverizing effect. 

Yolo loam was sampled in three locations (table 5, plots 100, 200, and 
300), and considerable variation was found in the size distribution at 
each location before any tillage operation was performed. In each case, 
there was a distinct pulverizing effect by each operation, but the in¬ 
tensity of this effect was variable. 

The two locations on the Yolo clay loam (plots 400 and 500) were not 
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so variable before tillage, and the pulverizing effect of the tillage was 
also a little more uniform. 

The soils with the coarser textures were less aggregated than those of 
the finer textures. Before tillage, Yolo fine sandy loam (plot 000) showed 
a much finer condition of aggregates than the other two soils. It had rela- 


TABI>E 5 

Pkbcsntaoe Dibtribction of Son. Aggeeoatbs itiom Different Locations 
AND Soil Types in an Orchard 


Plot 

No. 

Culti- 

vationa 




Sieve opening 





Relative 

surface 

Through 

3/128 

inch 

3/128 

3/64 

8/32 

3/16 

3/8 

3/4 





i 

inch 

inch 

! 

inch 

inch 

inch 

inch 

inches 

inches 

inches 



Yolo fine sandy loam: peroentage distribution of agirreiratee 




{ ® 

21.8 

3.S 

i 

4 6 

6 6 

8 9 

10.1 

9 0 

12 5 

5 0 

17.7 

11,157 



1 

23 8 

4 5 

5.6 

8.2 

11.2 

14 3 

13.9 

13.4 

5.2 


12,411 



2 

29 7 

5.9 

7.1 

9.7 

12 2 

13.5 

11 6 

10 6 

■ 

m 

15,420 


Yolo loam: percentage distribution of aggregates 



0 

7.2 

2 0 

2 6 

3.7 

5 4 

7 3 

i 

B.S 

17.8 

12 7 

31.8 

4.273 

100 

1 

12 9 

3 2 

4 5 

6 4 

9 0 

12 5 j 

15.5 1 

20 5 

7 7 

7 9 

7,406 


1 2 

14 7 i 

4 0 ' 

5.5 

7.6 

10 3 

13 6 i 

14 7 ; 

17 7 

4.9 

6.9 

8,506 


[ ® 

5 8 

1.7 

1 

2 1 

3.3 

4 5 

6 7 

9 8 ^ 

16 1 

12 7 

37 2 

3,506 

200 


10 9 

2 8 

3 7 

5 1 

7.0 

9 6 

10 8 

20 0 

19.9 

10 2 

6,240 


1 2 

23 6 

7 6 

8 6 

10 0 

12 7 

13.8 

12.4 

9 9 

1 6 

0.0 

13,435 


f 0 

12.2 

2.9 

3.5 

4.5 

7 1 

10 4 

13 3 

17 5 

19 2 

9 3 

6,778 

300 


15 6 

4 3 

4 4 

5.7 

7 5 

11.2 

13 0 

19 1 

7.4 

12 2 

8,333 


1 2 

19 5 

4 7 

5.3 

7.1 

0.4 

14 0 

16.2 

14.6 

9 5 

0.0 

10,507 


Yolo clay loam: percentage distribution of aggregates 




2 3 

1 3 

1.9 

2 7 

4 1 

6.2 

8 4 

12.5 

22.5 

1 

38.1 

1,016 

400 

] 1 

8 9 

5 6 

6 8 

8.9 

11 0 

15.3 

16.8 

17.2 

8.8 

0 0 

6,718 


1 2 

13 0 

7.1 

8.7 

10.7 

13.5 

16.9 

14 8 

13.1 

3 2 

0.0 

0,025 


f 0 

2 6 

1.6 

2 2 

3.2 

4 6 

6.8 

8,0 

10 9 

10.4 

40 6 

2,176 

500 

1 

8 0 

5.1 

6.3 

8 5 

11.9 

15.3 

18 8 

21 7 1 

4 3 

0 0 

6,185 


1 2 

10 4 

6.5 

i 

7.4 

9.0 

11 5 

14 5 

15 1 

19.2 

6 5 

0.0 

7,563 


tive-surface values two or three times as great as the loam and five or 
six times as great as the clay loam. 

Table 6 shows the results of two seasons’ studies on tillage in an or¬ 
chard on Denverton adobe clay. During the 1933 season, there was no 
noticeable pulverizing effect due to the tillage operations, whereas there 
was a slight pulverizing effect after the second cultivation in the 1934 
season. The soil was in a more cloddy condition in 1934 than in 1935. 
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Despite its heavy texture, this soil showed a good granular structure. 
The soil cracks into large adobe blocks on drying out, but these large 
blocks have numerous secondary cracks that break the soil into rather 
small irregular-shaped clods that are themselves rather firm; hence, the 
tillage operation did not have a very strong pulverizing effect. 

In order to compare more closely the size distribution of aggregates 
after the various treatments, the data from one set of samples from Yolo 
loam and one set from the Denverton adobe clay are plotted on graphs. 


TABLE 6 

Percentage Distribution op Size Aggregates before and after Tn.LAOE 
Operations in an Orchard on Denverton Adobe Clay, 1933 and 1934 


Year 

Culti- 

vatiima 




Sieve opening 





H dative 
surface 

Through 

3/128 

inch 

3/128 

inch 

3/64 

inch 

3/32 

inch 

3/16 

inch 

3/8 

inch 

8/4 

inch 

uiche^ 

inche'< 

VA 

inches 



0 

13 9 

13 3 

15 2 

14.6 

14 4 

12 3 

7.7 

7 3 i 

1 4 

0 0 

11,510 



1 

15 5 

14.3 

16.0 

15.0 

15 0 

12 9 

7 1 

4 2 

0.0 

0 0 

12,483 

1033 


2* 

14 7 

12 3 

13.2 

12 8 

13.7 

14.6 

11 5 

7 2 

0 0 

0 0 

11,363 


1 

After 

13 8 

12 f) 

14 0 

13 6 

14 6 

14 3 

11 6 

5 6 

0 0 

0 0 

11,159 


1 

ram 














[ ® 

7 0 

8 0 

11.0 

10 2 

13 4 

14 8 

12.1 

25.1 

0 0 

0 0 

7,108 

1934 


1 

7 3 

9 2 

12 1 

12 4 

14.1 

16 3 

28 5 

0 0 

0 0 

0 0 

7,622 



[ 2* 

10 7 

1! 8 

15 4 

13 9 

14.1 

15 6 

18 5 

0 0 

0 0 

0 0 

9,895 


* Second cultivation at right angluH to first 


Fijrure 1 gives the data for plot 300 on Yolo loam and shows the dis¬ 
tinct pulverizing effect of each cultivation. The curves have similar 
shapes. The differences are also manifest in the relative-surface values. 

Figure 2 shows the curves for the 1933 samplings on Denverton adobe 
clay. The size distribution of aggregates in these samples was not greatly 
altered by the cultural treatments. These curves occur much higher on 
the graph than those of the Yolo loam, which shows them to have finer 
aggregates. The curves are very close together and of similar shape. 
Curve B, after cultivation in one direction, is slightly higher than the 
other curves on this graph. This difference is also manifest in the relative- 
surface values. The other three curves cross eacli other a number of 
times and are very close together throughout the entire range of the 
curve. Their relative-surface values are also very close. 

Seedbed for Beans. —I:i 1933 and 1934 a number of studies were car¬ 
ried out on a private farm in the vicinity of Davis, California. The 
studies were made on the size distribution of aggregates after different 
tillage operations in preparing seedbeds. This farm is composed mainly 
of soils of the Yolo series, ranging in texture from fine sandy loam to 
clay loam, but there is also a body of Capay adobe clay on this farm. 
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KifiT. I.—Sizo distribution of aggro^jates before and after tillage opera¬ 
tions in an orchard (]d{»t 300) on Yolo loam soil, 1933, 
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The farm had been used for dry-land grain for a good many years. 
For four or five years previous to these investigations, the entire farm 
had been in sod and pastured to sheep. 

In 1934 a field of considerable size was planted to beans. Two areas 
were selected for the investigations on the preparation of the seedbed: 
one area was on Yolo clay loam and the other on Capay adobe clay. 

The bean field was worked as a unit, and the treatments on the whole 
field were the same. These were briefly as follows: The field was plowed 
in a fairly dry condition, to a depth of 6 inches. Some leveling was done 
next by use of a heavy float and a large scraper. After this, the field was 
preirrigated, permitted to dry at the surface for nearly a month, then 
harrowed with a spring-tooth harrow, and finally rolled with a culti- 
packer before seeding. The leveling work on this field did not necessitate 
the moving of very much soil except for small localized areas. No soil 
was moved to or from the areas in either sampling location. 

All of the data for the studies of preparation of seedbed on this farm 
are plotted in graphs. Figure 3 shows the results of the treatments on 
Yolo clay loam and figure 4 shows those for Capay adobe clay. On the 
Yolo clay loam, the plowing had only a very slight pulverizing effect, 
but the same treatment had a very definite pulverizing effect on the 
Capay adobe clay. On both plots, the leveling operations had a very 
strong pulverizing effect, and the plots were in their most finely pulver¬ 
ized state after this treatment. After the preirrigation and subsequent 
drying period, both plots were far more cloddy than they had been be¬ 
fore they had received any cultural treatment. On both plots, the har¬ 
rowing with a spring-tooth harrow and rolling with a cultipaeker had 
some pulverizing effect. The curves for the data on the Yolo clay loam 
(fig. 3) are of very similar shape. The three curves A, B, and F are close 
together, yet the corresponding relative-surface values are 4,940, 5,348, 
and 5,648, respectively. As previously noted, small changes in the per¬ 
centage of the finer fractions eau.se large changes in these values. Curve 
F falls between curves A and B throughout most of its length, but the 
percentage of very fine fractions is higher in F, as shown on the enlarge¬ 
ment at the lower right-hand corner of figure 3. 

The similarity of curves A and F indicates that, for this .soil, the size 
distribution of aggregates was practically no different when the field was 
seeded than it had been before plowing. The actual physical condition of 
the field, however, was greatly altered. The soil was dry and compact and 
in a fairly heavy sod before plowing. As the field was finally fitted before 
seeding, it was loose and friable and the sod had all been broken up. Un¬ 
fortunately no volume-weight measurements were taken this season. 
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1 iT 

sieve OPCNINGS IH H4CHES 

Pig^ 4^—Size distribution of aggregates before and after tillage opera¬ 
tions in preparation of seedbed for beans on Capay adobe clay, 1934. 
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The curves in..figure 4 for Capay adobe clay are spread wider apart 
than those in figure 3. Curves E and F in this figure do not have the same 
general shape as the others. The field vras permitted to dry for several 
weeks after irrigation. The Capay soils have very sluggish drainage, and 
water stood on this area several days longer than on the Yolo clay loam. 
As the field dried out after the water disappeared from the surface, a 
definite crust about 2 inches thick was formed; below this, the soil was 
very wet. The field was in this condition when the spring-tooth harrow¬ 
ing and cultipaeking were done. In both instances, samples were taken 
to 4-inch depths. Harrowing increased the amount of fine material over 
that of the sample before any tillage was done, but also increased the 
amount of coarse material. The drier soil at the surface was somewhat 
crumbled, but the pressure of the implement caused the very wet soil 
under the crust to be pressed together, and this dried out into very coarse 
lumps. The subsequent rolling with the eultipacker had a rather strong 
pulverizing effect on the crust but did not affect the lower portion of 
this layer. Here again, the strong influence of the finer fractions is clearly 
shown. Curve A is above curve E for most of its length but somewliat 
below the latter at the beginning; yet it has a relative-surface value of 
1,577 as compai’ed to that of 1,989 for curve E. Curve F has a relative- 
surface value of 3,142, which is just double that for curve A; yet it lies 
above curve A for only aboixt half its length and falls far below for the 
last half. 

The size-distribution curves and relative-surface values show the Yolo 
clay loam to have much less cloddy structure than the Capay adobe clay. 

Seedbed for Sugar Beets .—In 1935 on this .same farm two fields were 
being prepared for sugar beets. The smaller field was neaidy all Yolo 
clay loam; the larger field had two textural types, Yolo loam and Yolo 
fine sandy loam. Representative areas of each of the three types wore 
selected, and samifies were taken after each tillage operation. Volume- 
weight determinations were made as the samples were taken. The tw'o 
fields were not worked simultaneously, and the treatments were not 
exactly alike. The areas of loam and fine sandy loam, however, were 
worked in one unit, and so these two types can be readily compared. The 
data for the loam texture are shown in figure 5 and those for the fine 
sandy loam in figure 6. 

On this field, the plowing was done with moldboard pl()ws, and a small 
amount of leveling was done by a large, heavy, wooden float. The disking 
and harrowing were done, in one operation with a spike-tooth harrow 
attached behind a double-disk harrow. After harrowing, the field was 
seeded and then rolled with a eultipacker. 
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Fig. 5.—Size distribution of aggregates before and after tillage opera¬ 
tions in preparation of seedbed for sugar beets on Yolo loam, 1935. 
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Fig , 6.—Size distribution of aggregates before and after tillage 
operations in preparation of seedbed for sugar beets on Yolo fine sandy 
loam, 1935. 
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On both of these types, plowing had a very pronounced pulverizing 
effect and also a definite loosening effect. The curves for the plowing 
treatment lie above those for the soil before tilling in both cases, and 
there was a definite decrease in the volume weight of the soil: the Yolo 
loam decreased in volume weight from 1.54 to 1.10 and the fine sandy 
loam from 1.50 to 1.20, after plowing. 

Although, with both types, the relative-surface values were slightly 
higher after the use of the float, no appreciable change in the size distri- 
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Fig. 7.—Size distributiou of aggregates before and after tillage 
operations in preparation of seedbed for sugar beets on Yolo clay 
loam, 1935. 

bution of aggregates occurred: curves B and C are almost identical 
throughout their length, both in figure 5 and in figure 6. On the otlier 
hand, the use of the float had a very pronounced effect in compacting the 
soil, as shown by the increases in the volume weights. On botli types, the 
harrowing had a decided pulverizing and loosening effect. Volume weight 
decreased very definitely; in the ease of the Yolo loam, it was reduced 
almost to that after plowing. 

The planting and rolling in both instances increased the cloddiness 
and the volume weights. On the loam texture, the soil was somewhat more 
pulverized than before plowing, and the volume w'eight somewhat less. 
On the fine sandy loam, however, the soil was a little more cloddy and a 
little more compact after the final operation than before any tillage was 
performed. 
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The field of Yolo clay loam on the same farm, also being prepared for 
sowing sugar beets, was tilled a little later, and during the process there 
were a number of storms, which slightly altered the procedure on this 
field. Furthermore, this field was still in sod, whereas the other field on 
the loam and fine sandy loam types had been in a cultivated crop the year 
before. After plowing, this field was harrowed with a spike-tooth harrow 
to further break up the sod before it was worked with the float, so that 
this field had one more tillage operation than the other. The results on 

TABLE 7 


Moisture Condition or Soils of the Yolo Series as Tillage Operations 
WERE Performed in Preparation of Seedbed for Sugar Beets, 193.5 


i 

1 

] 

Yolo loam 
(M.E., 20.13) 

Yolo fine »andy loam 
(M.E., 18.78) 

Yolo clay loam 
(M.E.. 26.58) 

Treatment j 


Per cent 


Per cent 


Per cent 

1 

Per cent 

HsO 

Per cent 

H*0 

Percent 

HiO 

1 

H*0 

-X 100 

HaO 

-XlOO 

H 2 O 

-XlOO 

1 


M.E 


M.E. 


M.E. 

Untilled ! 

19 3 

94 8 

14 7 

78 2 

23.5 

89.4 

Plowed 

17 3 

84 8 

12 8 

68 1 

17.6 

64.3 

Harrowed , 





20 0 

75.2 

8incx>the<l 

It) 4 

80 5 

11 0 

58 5 

23 1 

86.9 

Dinked and harrow'ed 

16 1 

79 1 

11 2 

59 7 

16.2 

61.0 

Rolled and planted 

16.1 

79 1 

11 1 

59 1 

15 0 

56.4 


the size distribution of aggregates and volume weights, and the relative- 
surface values, are given in figure 7. 

I’lowing had a very marked pulverizing effect on this soil (curves A 
and B, fig. 7), but subsequent harrowing had no further effect, for the 
curves {B and C) are almost coincident throughout their length, although 
the relative-surface value is slightly liigher after harrowing. The plow¬ 
ing here caused a distinct decrease in the volume weight, but the har¬ 
rowing had a slight compacting effect. The subsequent use of the float 
increased both the cloddiness and the volume weight; in fact, the volume 
weight was greater than before ploiviiig, despite the fact that the field 
had previously been in pasture to sheep for a number of years. The in¬ 
crease in cloddiness brought about by the use of the float was caused by 
the wetness of the field when this operation was performed. Table 7 gives 
the moisture conditions of the three soil types on this farm at the time 
of sampling. 

The Yolo clay loam had been given considerable time to dry out after 
the use of the float, so that when the field was disked and harrowed, it 
was at a very favorable moisture content for tillage operations. This 
operation (fig. 7, curve E) had a distinct pulverizing effect, and the field 
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at this time was in its most finely pulverized condition. The planting and 
rolling operations increased the cloddiness only slightly. Disking and 
harrowing reduced the volume weight somewhat, but the subsequent 
planting and rolling altered it only slightly. This field, after final fitting 
and planting, was in a more pulverized condition than before treatment; 
the volume weight was only a little lower. 

Seedbed for Alfalfa .—^In 1934 a number of small plots were worked 
up for seeding alfalfa on the University Farm at Davis, California. After 



BB 

Fig. 8.—Size distribution of aggregates before and after tillage 
operations in preparation of seedbed for alfalfa on Yolo loam, plot 
D-15, 1934. 

the seedbeds had all been prepared, but before they were seeded, there 
was a period of heavy rains. After the rains, the surface of the plots 
crusted over and had to be reworked. Samples were obtained from three 
of these plots, all on Yolo loam, as the tillage operations were being per¬ 
formed to reprepare the seedbeds. Since the plots here were very small, 
an 8-inch sampling cylinder was used instead of the 14 inch cylinder that 
had been used on the other samplings. 

Three implements were used in working these plots for seeding. They 
were first worked with a spring-tooth harrow, then with a spike-tooth 
harrow, and finally with a spike-tooth roller. The data are plotted on fig¬ 
ures 8, 9, and 10. Two of the three plots behaved very much alike (figs. 
8 and 9). In these two plots, each tillage operation had a distinct pulver- 
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Pig. 9.—8izo distribution of aggregates before and after tillage 
operations in preparation of seedbed for alfalfa on Yolo loam, plot 
r)-25, 1934. 
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Pig. 10.—Size distribution of aggregates before and after tillage 
operations in preparation of seedbed for alfalfa on Yolo loam, plot 
I)-35, 1934. 
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iziug effect, although the intensity of the effect was somewhat different: 
on plot D-15 (fig. 8) the spring-tooth harrow had a greater pulverizing 
effect than the spike-tooth harrow, whereas the pulverizing effect for 
these two implements was about the same on plot D-25 (fig. 9). Plot D-35 
(fig. 10) is very similar to plot D-25 in the pulverizing effect of the dif- 

TABLE 8 

Dates or Treatments and Sampling on Yolo Loam Plots roE Special Stodt 



• Moisture content when plowed; 1933, plot 2, 20.0 per cent; plot 3, 25.4 per cent, 1934. plot 2. 16 1 per 
cent; plot 3, 23,2 per cent. 


ferent harrows. The rolling had a distinct pulverizing efleei on plots 
D-15 and D-25, but the cloddiness on plot D-35 w^as increased somew-hat 
by this operation. This plot was in a slight depression and had a higher 
moisture content wOien worked, whi(*h undoubtedly accounts for the in¬ 
creased cloddiness caused by rolling. 

The relative-surface \alues are given with the legend on each figure. 
In some instances two curves may appear very close together, yet there 
will be fairly wide differences in their relative-surface values—compare, 
for example, curves and relative-surface values for spike-tooth harrow'- 
ing and for rolling, in figures 9 and 10. In each case, the sample with the 
higher relative-surface value has the greater percentage of the finer frac- 
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tions. This is sliown in the enlargements of this portion of the curve in 
the lower right-hand corner of each figure. 

Tillage Operations at Different Moisture Contents .—A number of 
samplings were taken for size distribution of aggregate studies after 
plowing, harrowing, and irrigation treatments on two sets of plots on the 


TABLE 9 

Dates of Treatments and Sampling on Yoik) Silt Loam Plots for Special Study 



1033 1 

1034 

1 1035 

Plot 1 

Plot 2 

Plot 3 

Plot 1 

Plot 2 

Plots 

Plot 1 

Plot 2 Plot 3 

Plowed 


3/4* 

2/18* 


6/7* 

6/17* 



Harrowed 


4/3 

4/3 


6/15 

6/15 



Irrigated 

f 4/4 

4/4 

4/4 

5/1 

5/1 

5/1 

5/1 

5/12 5/1 

let eorios 

) 4/5 

4/5 

4/5 

5/2 

5/2 

5/2 




1 4/to 

4/10 

4/10 

5/3 

5/3 

5/3 




1 



5/4 

5/4 

5/4 




1 5 12 

5/12 

5/12 

7/3 

7/3 

7/3 



2nd scries 

\ 5/15 

5/15 

5/15 

7/5 

7/5 

7/5 




[ 5/10 

5/16 

5/16 

7/6 

7/6 

7/6 




f 7/26 

7/26 

7/26 






3i d .*<ene« 

\ 7/27 

7/27 

7/27 







1 7/28 

7/2S 

7/28 







1 3/25 

3/25 

3/25 

5/19 

5/22 

5/15 

5/1 

5/1 5/1 

Sarnploti 1 

1 

4/3 

4/3 

7/26 

6/11 

6/11 

6/3 

6/3 6/3 

1 

1 5,4 

5/4 j 

5/4 


6/15 

6/15 




112/2 

12'2 

12/2 


7/26 

7/26 

1 



• MoiHture cemtettt when ploued 1933, plot 2, 20 0 per rent; plot 3, 24.5 per cent; 1934, plot 2, 17,6 per 
cent; pU>t 3, 23.2 i»er cent 


University Farm tliat were laid out for w'ater-penetration studies as 
affected by tillage at different moisture contents. The moisture-penetra¬ 
tion studies were made in cooperation with N. E. Edlefsen of the Division 
of Irrigation Investigations and Practice; the results of these will not 
be reported here. The two sets of plots were located on Yolo loam and 
Yolo silt loam, and there were three plots in each set. One plot received 
no tillage, one ■was plowed at what was considered a favorable moisture 
content for plowing, and the other was plowed at moisture contents that 
were considered too high to obtain the most favorable results from 
tillage (see footnote, tables 8 and 9). Both of the plowed plots were 
harrowed lightly after they had been plowed. The plots were 45 x 90 feet 
and were plowed with a two-horse plow in one direction only, so as not 
to produce a back furrow in tlie center of each plot. 

After the tillage operations had been completed on both plots in each 
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set, all three plots were seeded to barley, primarily to keep out weeds. 
One to four series of irrigations were made on each plot (tables 8 and 9), 
and the rate of penetration of water into the soil was determined. After 
each tillage operation, the two tilled plots in each set were sampled; and 
after some of the series of irrigations, all of the plots in each set were 
sampled. Samples were taken to 7-inch depths and in 4 replicates. Hach 
sampling removes considerable soil, so that sampling for size distribu¬ 
tion of a^fregates could not be done after each series of irrigations for 
fear of altering the rate of water penetration. Tables 8 and 9 give dates 
of treatments and sampling on these two sets of plots. During the 1934 
season, because of conditions which could not be controlled, the plowing 
was not done until fairly late on these plots, so that before any cultural 
treatments were made, all plots were subjected to a series of irrigations. 

The results of the samplings on these areas are given in the form of 
graphs similar to those previously presented. For convenience in dis¬ 
cussing the graphs, the plots of each set are numbered as follows: plot 1 
received no tillage, plot 2 was plowed at favorable moisture content, and 
plot 3 was plowed while too wet. Figures 11 and 12 give the results on 
plots 2 and 3 for the 1933 season and figures 13 and 14 for the same plots 
for the 1934 season.* 

The plowing (fig. 11) had a definite pulverizing effect on plot 2, which 
was plowed at a favorable moisture content; but plot 3, which was plowed 
too wet, was more cloddy after plowing than it had been originally. The 
plowing in the latter ease was done when the soil was too wet to scour off 
the plowshare. The soil seemed to push up in front of the plow and was 
thus compacted, which increased the cloddiness. Harrowing had no pul¬ 
verizing effect on the area plowed at suitable moisture content, in fact, 
the curve showing the result of this treatment falls slightly below that 
for plowing (fig. 11, curves B and C ). This slight difference is probably 
due to the natural heterogeneity of the soil rather than to any effect of 
tillage. On the plot that was plowed too wet, some pulverizing of the soil, 
mostly increasing the finer fraction, was caused by harrowing. The 
amount of coarse material is about the same, but the increase in the fine 
material accounts for the increase in the relative-surface value (fig. 11, 
curves D and E). 

For the same season, on Yolo silt loam (fig. 12), the plowing had a 
definite pulverizing effect on both areas, but the action was more pro- 

® In order to reduce the number of samplings on plots 2 and 3, they were not sampled 
before plowing, but the sampling on plot 1 taken at that time is used for these plots. 
Since the areas are fairly uniform and the plots are small, these results are probably 
very close to what would have been obtained for the other plots had they been sampled 
at this time. 
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Fig. 1).—Size distribution of aggregates before and after tillage 
operations on plots 2 and 3 on Yolo loam, 1933. 



Fig, 12.—Size distribution of aggregates before and after tillage 
operations on plots 2 and 3 on Yolo silt loam, 1933. 
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nounced on the plot (No. 3) plowed at the higher moisture content. In 
this instance, however, although the furrow slice coming off the plow¬ 
share had a very slick shiny surface, the soil was not wet enough to pre¬ 
vent the soil from scouring off the plowshare. 

Harrowing on these two plots seems to have had only a slight pulveriz¬ 
ing effect. In both cases the curve for the harrowing treatment is slightly 
above that for plowing. There is some increase in the relative-surface 
values and, as shown on the enlargement of the lower end of the curves, 
some increase in the finer fractions. 

In 1934 on Yolo loam (fig. 13), the plot that had been plowed too wet 
the year before was more cloddy before plowing than the one that had 
been plowed at a favorable moisture content. Plowing had a very definite 
pulverizing effect on both plots. The pulverizing effect on the wet plot 
was slightly greater than that on the drier one. The curves (B and E) 
for the plots after plowing fall closer together than those {A and D) for 
the plots before plowing. The numerical increases in the relative-surface 
values are similar for the two plots: the increase on the drier plot was 
from 4,718 to 7,186, an inerea.se of 2,468; and on the wet plot from 2,936 
to 5,463, an increase of 2,527. 

Harrowing had a pulverizing effe<*t on both areas (curves C and F). 
Here again, the amount of pulverizing on the wet plot exceeds that on 
the drier plot for this treatment. After both tillage operations, plot 2, the 
drier plot, was still in a slightly finer state of pulverization than plot 3. 

For the same .season, on Yolo silt loam (fig. 14), the curves {A and 7>) 
for the size distribution of aggregates before treatment fall very close to¬ 
gether, yet there is considerable difference in the relative-surface values. 
Here again the large difference in this value is caused by the difference 
in the finest fraction. The curves are almost parallel, but curve A starts 
slightly above curve D. 

Plowing had a distinct pulverizing effect on both plots, w^ith a slightly 
greater effect on the drier plot, w'hile harrowing had no pulverizing 
effect on the drier plot and only a very slight effect on the wet plot. After 
both tillage operations, the curve {€) for plot 2 is slightly higher than 
that (F) for plot 3, but the curves lie very close to each other throughout 
their length. The tillage operations seem to have had a very similar effect 
on both plots for this soil tj pe. 

In order to compare the results of treatments on the different soil 
types, the data were replotted. Figure 15 shows for the two soil types 
the results of tillage operations on the plots plowed at favorable moisture 
conditions in 1933. 

The curves in figure 15 indicate that, when plowing was done at a 
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favorable moisture content, the effects of tillage operations were very 
similar on the two soil types. The Yolo silt loam was more cloddy before 
any tillage and also more cloddy after the tillage. On both types, the 
curves for the plowing and harrowing are very close together, although 
on the Yolo silt loam the relative-surface value after plowing is slightly 



Fig. 15.—Size distribution of aggregates before and after tillage 
ot>erations on plot 2 of both Yolo loam and Yolo silt loam, 1933. (Curves 
A and IJ from plot 1). 


lower than after harrowing; on the Yolo loam, the relative-surface values 
for the two treatments are almost identical. 

Similar graphs were made for plot 2 for 1934 and for plot 3 for each 
year, but since this constitutes merely a regrouping of the curves already 
given in figures 11,12,13, and 14, these graphs are omitted. 

A comparison of curves A, B, and C on figures 13 and 14, shows that 
on plot 2 for 1934 on both soils, there was a stronger pulverizing effect 
on the silt loam, although both plots showed a very definite decrease in 
cloddiness. Harrowing in this year had a distinct pulverizing effect on 
the loam but no effect on the silt loam. After the tillage operations, these 
two soils were in very muck the same condition (curve C, figs. 13 and 14). 

With the plots plowed at high moisture contents, there was in 1933 a 
strong contrast in the effect of plowing. Before plowing, the Yolo loam 
was less cloddy than the silt loam (curve A, figs. 11 and 12), but the 
plowing increased the cloddiness on the loam plot and decreased it on 
the silt loam (curve D, figs. 11 and 12), so that after plowing the condi- 




Marcb, 1830] Cole: Soil Maoroetrueture a» Affected by Cultural Treatments 459 


tion of the two plots was just reversed. Harrowing had a definite pulver- 
i 2 dng effect on the loam and only a slight pulverizing effect on the silt 
loam. At the end of the tillage operations the former was nearly the same 
as it was originally, whereas the latter was much less cloddy. 

Next year both plots that had been plowed too wet were in about the 
same condition before plowing, but materially more cloddy than they 
were the previous year. The plowing greatly reduced the cloddiness on 
both plots (curves D and E, figs. 13 and 14) but especially on the silt 
loam. The harrowing had only a slight effect on both plots (curve F, figs. 
13 and 14) but was slightly more effective in pulverizing the loam plot, 
so that after the tillage operations, both plots were again very similar but 
much less cloddy than they had been before the tillage operations. 

EFFECT OF IRRIGATION ON SIZE DISTRIBUTION 
OF AGGREGATES 

The same two areas were sampled after some of the series of irrigations, 
and the size distribution of the aggregates after the irrigation may be 
compared with that before irrigation. The irrigation water was applied 
in basins to depths of about 6 inches at each application. On these plots 
there were from 3 to 5 applications of water, usually only a day or two 
apart. Figures 16 and 17 give the curves for the size distribution of 
aggregates for the Yolo loam and Yolo silt loam plots for 1933. In all 
cases there was some increase in cloddiness after the irrigation. 

On the Yolo loam (fig. 16), a great inci’ease in cloddiness occurred on 
the untilled cheek plot (No. 1) and on plot 2, which was plowed at a 
favorable moisture content. On plot 3, plowed too wet, there was only a 
slight change in the relative-surface value, yet the curves {E and P) are 
rather well separated in the upper half. They are, however, very close 
for the three finest fractions, which have the greatest influence on the 
relative-surface value. The peculiar behavior of this plot is further re¬ 
flected in the slightness of its change after the irrigation treatment as 
compared to the other two plots sampled at the same period. 

On the untilled Yolo silt loam, according to the curves (fig. 17, curves 
A and B), a considerable increase in the cloddiness was caused by irri¬ 
gation. But this difference is not reflected in the relative-surface values 
for these two treatments: there is a slight difference, showing possibly a 
slight increase in cloddiness, but not nearly so much as one would expect 
from the comparison of the two curves. The slightly greater amount of 
the tw'O finest fractious after the irrigation treatment accotints for this. 
Irrigation of the two plots that had been tilled caused an increase in the 
cloddiness. The increase was far greater, however, in the plot plowed too 
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wet (curves E and F) than in the one plowed under favorable moisture 
conditions (curves C and D). On these two plots, the differences in both 
the curves and the relative-surface value are pronounced. 

Figures 18 and 19 show the results of similar treatments on the same 
two soil types for 1934. On the Yolo loam during this season there was 
a definite increase in cloddiness after the irrigation treatments on each 
of the plots. The change was not so pronounced for this year as it had 
been the previous year for the plot receiving no tillage operations. The 
plot plowed too wet showed a greater increase in cloddiness this season 
than it had the season before, whereas the plot plowed under favorable 
moisture conditions behaved about the same during the two seasons. 

On the Yolo silt loam (fig. 19), the untilled plot showed no difference 
in its condition before and after the irrigation treatment and, in fact, 
not much difference from its condition at the beginning of these investi¬ 
gations in 1933. The relative-surface values before any treatments and 
after the irrigation treatments in 1934 are very close. There was a great 
inci’ease in the cloddiness after irrigation on the other two plots on this 
same soil. On the plot plowed under favorable moisture conditions, the 
increase for this season was far greater than was the case for the previous 
season, whereas the behavior of the plot plowed too wet was A'ery similar 
for both seasons. 

After the tillage operations on each series of plots in 1933, the plots 
were all irrigated, then planted to barley. During the summer, two more 
series of irrigations were made, the last one near the end of July. The 
plots were permitted to remain untouched thereafter until early in 
December, when they were again sampled. The results are given in fig¬ 
ures 20 and 21. There does not appear to be any consistent order of 
change. Some of the i)lots are more cloddy and some are less cloddy than 
at the previous sampling period. 

The results on the Yolo loam (fig. 20) show a much less cloddy condi¬ 
tion for plot 1 at the later sampling period. Curves A and B are wide 
apart and the relative-surface values are 2,995 and 5,728, respectively. 
The plot plowed at a favorable moisture content was only slightly al¬ 
tered (curves € and D), whereas the plot plowed at a very high moisture 
content was somewhat cloddier at the end of the season. 

The variability between plots is not nearly so great on the Yolo silt 
loam (fig. 21). On this soil there was little or no difference in the aggre¬ 
gate condition of plot 1 at the beginning and end of the season according 
to the curves (A and if), and only a very slight difference according to 
the relative-surface values. Plot 2 was somewhat more cloddy at the later 
sampling period and plot 3 much less so. 
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Fig. 18.—Size distribution of aggregates before and after irrigation 
on all three plots on Yolo loam, 1934. 



Pig. 19,—Size distribution of aggregates before and after irrigation 
on all three plots on Yolo silt loam, 1934. 





diiffiifioKofi ftrcet«i «30 


Marohi 1939] Cole; Soil Moorostruetufe as Affected by Cultural Treatments 463 



Fig. 20.—Size distribution of aggregates after the first and third irri¬ 
gations on all three plots on Yolo loam, 1933. 



Fig. 21.—Size distribution of aggregates after the first and third irri¬ 
gations on all three plots on Yolo silt loam, 1933. 
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The results on the two soils are directly contrasting: where there was 
a strong decrease in the cloddiness in plot 1 of the Yolo loam, there was 
practically no change for the same plot on the Yolo silt loam. On plot 2 
of the Yolo loam there was a slight decrease in cloddiness and a rather 
definite increase on the Yolo silt loam. On plot 3 there was a definite in¬ 
crease in cloddine.ss on the Yolo loam and a slightly greater decrease on 
the Yolo silt loam. There does not seem to be any satisfactory explanation 
for the consistent contrast betw^eeu these two soils in their responses to 
repeated irrigations. The results of the tillage operations already given 
were fairly consistent for both of these soils. 

The effect of irrigation after tillage on the Yolo clay loam and Capay 
adobe clay, wliere the fields were being prepared for seedbed, has already 
been mentioned (figs. 3 and 4, p. 445). In both of these instances, as was 
the ease with nearly all others, irrigation following cultivation caused 
an increase in cloddiness of the soil, so that the field, after irrigation, was 
more cloddy than before it was tilled. 

SEASONAL VARIATIONS 

The variation of the size distribution of aggregates from season to season 
is often as great as changes brought about by tillage operations or appli¬ 
cation of irrigation water. The seasonal changes were observed on the 
series of plots on Yolo loam and Yolo silt loam descx’ibed in the preceding 
section. 

In the spring of 1934 all plots were irrigated before the samples were 
taken, so that the changes occurring in the size distribution of aggregates 
over the winter period were not determined. The results for the period 
between the last sampling in 1934 and the first sampling in 1935 are given 
in figures 22, 23, and 24. In all plots on both soil types, the soils are more 
cloddy in the spring than they were the previoxis fall. The changes are 
greater on the Yolo silt loam than on the Yolo loam. On plots 1 and 2 
(figs. 22 and 23) at the last sampling in 1934, the Yolo loam was some¬ 
what coarser than the Yolo silt loam, and on plot 3 (fig. 24), the two 
soils had about the same size distribution of aggregates. When samplings 
were taken the following spring, plot 1 on the Yolo loam, according to 
its relative-surface value, was slightly coarser than the same plot on the 
Yolo silt loam, although, except for a short distance at the finer end, the 
curve (R) of size distribution for Yolo loam lies above that (/>) for Yolo 
silt loam. On the other two plots, the Yolo silt loam is slightly coarser 
than the Yolo loam. 

There is a great increase in the cloddiness of all plots at the conclusion 
of the sampling period in the spring of 1935 over that at the beginning 
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22.—Cliaii^>if(‘.s in size distribution of aggregates on plot 1 of 
Volo-loatn and YoJo-silt-loam areas during the %vinter 1934-35. 
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Pig. 23.—Changes in size distribution of aggregates on plot 2 of 
Yolo-loam and Yolo-silt-loam areas during the winter 1934-35, 
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Fig. 24.—Changes in size distribution of aggregates on plot 3 of 
Yolo-loam and Yolo-silt-loam areas during the winter 1934-35. 
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Pig. 25.—Size distribution of aggregates on all plots 
Yolo loam in springs of 1933 and 1935. 
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of the experiment in 1933. The data for these sampling periods are 
plotted in figures 25 and 26. The tillage operations did not have a lasting 
effect on the size distribution of aggregates on either soil; for the untiUed 
plots had as much change as did the tilled plots. In fact, in 1935 on the 
Yolo loam, the untilled plot had the lowest relative-surface value of the 



three plots, whereas on the Yolo silt loam, the plot plow'ed too wet had 
the lowest value. 

The seasonal changes over the winter period in the vicinity of Davis 
are somewhat similar to those obtained by irrigation treatments. This is 
not surprising because the winters at Davis are mild, the soils never 
freeze, and nearly all of the season’s total rainfall of about 17 inches 
comes in a five-month period from December to May. The surface soils 
are usually wet to field capacity after the first few rains and remain so 
until the end of the rainj’- season, with seldom an opportunity for dry¬ 
ing out. 

DISCUSSION 

From the data presented, and the rather consistent general tendencies 
observed, the air-dry sifting used throughout this work appears to give 
a better picture of the size distribution of aggregates in the field than 
when the samples are sifted moist, despite the fact that the replicate 
samplings are equally variable by either method. The abrogates in the 
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moist condition are so weak that the mechanical action necessary for a 
good separation into the respective sizes is sufficient to break down some 
of them, so that the resultant data do not give an accurate picture of the 
size distribution at the time of sampling. 

It is fairly certain that the method of sifting in the air-dry condition 
gives a good picture of size distribution just before sifting, but the ques¬ 
tion still arises as to whether or not the samples when air-dry and ready 
for sifting had the same condition of aggregation as that when in the 
field prior to sampling. The method of sampling being uniform, the 
change, if any, in the size distribution of aggregates must be very small 
because of the care with which the samples were taken. If a change in the 
size distribution of aggregates is brought about by air-drying the sam¬ 
ples, then a further question arises as to how much difference there is in 
the size distribution of aggregates when the sample is dried in the boxes, 
as was the case in this work, and when di*ying takes place naturally in 
the field. These questions need further study, but at present it seems that 
the changes that take place during the drying process were not very 
great, and probably much smaller than the natural differences due to 
heterogeneity of the soil, so that the measurements of aggregates in the 
air-dry condition give a good picture of the size distribution of aggre¬ 
gates at the time the samples were taken. 

The number of tillage operations used in preparing a seedbed is often 
more a matter of habitual practice than a careful consideration of the 
physical condition to be attained for the particular crop. Year after year, 
many farmers use the same tillage operations, irrespective of the physi¬ 
cal condition of the soil. Under such practices, undoubtedly many tillage 
operations are performed that are wholly unnecessary'. The farmer may 
just as well be saved the cost of performing such operations by a more 
careful observation of the condition of the field and the condition re¬ 
quired for the use to which the field is to be put. 

A consideration of the curves showing changes in size distribution of 
aggregates in preparing seedbeds shows that in a number of instances, 
the size distribution of the aggregates at the final fitting of the field for 
seeding was not greatly different from that before any tillage operations 
were performed. A rather striking example of such a condition is shown 
in the area of Yolo clay loam prepared as a seedbed for beans (fig. 3, 
curves A and F, p. 445), in which the size distribution of aggregates is 
almost identical before any tillage operations and after the final tillage 
operation. 

It is a common practice, when beans and other late-planted crops are 
grown under irrigation, to plow and harrow, then irrigate before final 
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fitting for the seedbed. In view of the information regarding the effect 
of irrigation following tillage operations, it seems that in many instances, 
at least one tillage operation may be eliminated by applying water be¬ 
fore plowing, or at least immediately after plowing, rather than after 
harrowing, provided the field does not need leveling, which should always 
be done when the soil is fairly dry. 

Because of the great influence of irrigation water in increasing the 
cloddiness of soils that are finely pulverized, a field soon to be irrigated 
should not be worked down loo fine. A similar rule should be followed for 
fields to be left over the winter. If the field is worked up too fine, the 
first rains will pack and puddle the surface, and prevent later rains 
from penetrating so easily. Not only may this cause the removal of some 
of the rain water that otherwise would have been absorbed, but also the 
runoff maj’’ cause damage by erosion. It is especially important that fall- 
sown crops, fallow land, and cultivated permanent crops be left loose 
and open and somewhat cloddy at the beginning of the rainy season. This, 
of course, applies only to medium- or heavy-textured soils. Leaving light- 
textured soils worked up too loose may cause damage by wind movement. 

In all eases where irrigation water was applied after tillage, the soil 
was much more <doddy than before irrigation, and in many cases it was 
more cloddy than before till age. In fact, in more than half of the instances 
here recorded, the greater the state of pulverization before irrigation, 
the coarser the condition after irrigation. All irrigations considered in 
this work were of the basin type, where the whole surface was covered 
with water. 

These findings would indicate that where areas are to be irrigated 
during the summer by the basin method—which is a common practice in 
deciduous orchards in the flatter valley lands of California—it is not 
necessary to cultivate to a fine mulch before irrigation, for this wdll 
nullify all of the pulverizing effect of tillage. Since a mulching does not 
conserve the field moisture by reducing evaporation where the water 
table is more than 6 feet from the surface (17,19 ), it seems that the only 
reason for cultivating in orchards under the above conditions would be 
for the ])ui*pose of controlling weeds, or turning under covercrops, or 
putting the surface soil in a condition to reduce the loss of moisture by 
runoff during the rainy season. 

The samples from untilled plots of the Yolo loam and Yolo silt loam 
soils indicate that the seasonal changes in the size distribution of aggre¬ 
gates are great, and that the wetting of the soil, both by winter rains 
and by irrigation water, brings about changes in the size distribution of 
aggregates that are often as great as changes brought about by tillage 
implements. 
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SUMMARY 

The paresent study offers a method of measuring quantitatively changes 
in the size distribution of aggregates and the volume weight of the soil. 

Three factors which are important in these changes are tillage, irriga¬ 
tion, and winter rains. In general, the results of these factors are as 
follows: 

1. Plowing caused a decrease in cloddiness and volume weight unless 
performed at excessive moisture contents. 

2. Harrowing usually did some breaking up of clods. Disk and spring- 
tooth harrows seemed more effective than spike-tooth harrows in reduc¬ 
ing cloddiness. 

3. Rolling and leveling operations increased the volume weight and 
had a pulverizing effect on the very dry soils, but moderately moist soils 
usually showed increased cloddiness after these operations. 

4. The cloddiness of soils worked up to a fine, highly pulverized condi¬ 
tion was greatly increased by irrigation, often to a point far in excess of 
that before any tillage. Tilled areas that were left cloddy showed some 
increase in cloddiness, but not so much as those that had been highly 
pulverized. 

5. Winter rains often have as great an influence on the size distribution 
of aggregates as the tillage operations or irrigations. 

A general view of the data presented shows that even under fairly 
well controlled conditions, the results obtained by any one cultural treat¬ 
ment are not always the same, but fairly comparable. The differences 
may be due to the natural heterogeneity of the soil or to factors that 
could not be readily observed. 

This method offers a good means of studying the effects of various 
tillage implements in pulverizing the soil, and from these studies, it 
should be possible to determine the most efficient method of preparing 
the soil for any desired use. Other important relations, such as seasonal 
changes and changes due to irrigation and subsequent drying, may be 
studied, which should lead to a more efficient use of irrigation water and 
tillage implements. 
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Under certain conditions of fumif^atioii for scale insects of citrus trees, 
hydrocyanic acid (IICN) is known to cause injury to tlie foliage and 
fruit. Tlie physiological reactions involved in the injury have received 
but slight quantitative investigation. Taidoubtedly the reasons for this 
have been the difficulties encountered in distilling IK^N from materials 
containing volatile substances which are reactive with HCX. The lack of 
a method with sufficient a(M*uracy to recover relatively small amounts of 
IICN from the tissues may also have been an important factor. 

The results reported in this xiaper are concerned only with the factors 
affecting the distillation and recovery of IK'N from solutions in the 
absence ot‘ tissues and also in the x>resence of citrus foliage and fruits. 
Earlier attempts to re(*ove7* IICN from fumigated (u’trus tissues by aspi¬ 
ration, iiartial vacuum, immei’singand shaking the tissues in an alk<iliiie 
solution, or by a combinatit)n of these xwntesses have given unsatisfactory 
results. All statements in this pai)er concerning the recovery of IICN 
from citrus tissues refer to IIC-N added by fumigation or by other meth¬ 
ods. Repeated tests by Bartholoineiv and llaby (3) and in the i3resent 
investigation have shown tliat citrus tissues do not contain autogenous 
IICN. 

An investigation is being made of the ])liysiological effects of IICN in 
citrus tissues. 
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THE QUANTITATIVE DETERMINATION OP HCN IN THE 
ABSENCE OP CITRUS TISSUES 

A modified Liebig silver-nitrate-volumetric method was employed for 
the determination of HCN, the end points of titration being determined 
by the use of a photoelectric turbidimeter. The operations were conducted 
according to the recommendations made by Bartholomew and Raby (3,3). 
Preliminary experiments, however, demonstrated that a new method of 
recovery of HCN must be developed or an old one be adapted to the mate¬ 
rial to be investigated. 

Considerable difl&culty was experienced in weighing accurately such 
small amounts of liquid HCN as were being used. The first method was 

TABLE 1 

Amounts or HCN Eecovebed feom Known Quantities of NaCN 
Bissolveb in 0.1 N NaOH Solutions 


Experiment No. 

Purity of 
NttCN 
per cent 

NaCN 

added, 

mg 

HCN 

equivalent, 

mg 

HCN recovered 

Amount, mg 

Per cent 

130 . 

95.5 

58.9 

31 0 

30.5 

98 4 

131 

96.5 

58 3 

31 0 

30.9 

99.7 

132. 

96.5 

60.0 

31.8 

31.8 

100 0 

133 

96.5 

30 0 

15.9 

16.0 

100.6 


to seal 30 to 40 mg of liquid HCN in a weighed 5-ml glass ampoule. When 
the ampoule was broken in a liter of 0.1 N NaOH and 150-ml aliquots 
titrated with standard AgNO.,, the total amount of HCN determined 
was 104 to 106 per cent of the quantity originally weighed. The possible 
sources for this error were in the method of titration and in the method 
of weighing the liquid IICN. The results recorded in table 1, which show 
the recovery of HCN from NaCN, demonstrated that the titration method 
was accurate. 

This left as the only other source of error, the inaccurate method of 
weighing: if a small amount of liquid HCN (30-40 mg) is placed in a 
weighed 5-ml ampoule and a second weighing is made, the difference be¬ 
tween the two weights does not show the exact amount of HCN in the 
ampoule because a certain amount of the air is replaced by HCN vapor, 
which is lighter.* The actual amount of air displacement in the larger 

* For example, at 23° C and 750-mm pressure and with a difiference of 31 mg between 
the first and second weighings, the ampoule (5-ml capacity) would contain an excess 
of 19 per cent of HCN if all the air (5.9 mg) were displaced. Liquid HCN has a low 
boiling point—26°—and an exceedingly high vapor pressure at ordinary laboratory 
temperatures—654.4 mm at 22° (9). 
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containers could not be governed or determined; therefore the amount 
of HON existing in the vapor phase was reduced to a minimum by using 
ampoules with a volume just equivalent to, or only slightly greater than, 
the amount of liquid HCN desired for a given test. This eliminated the 
difficulty. 

The quantities of HCN used in the experiments were small, never over 
100 mg, the average amount being about 39 mg. The laboratory fumiga¬ 
tion chamber has a capacity of 5 liters, and the total volume of the solu- 

TABLE 2 

Amounts of HCN Recovered after Various Treatments 


Treatment 
(liquid HCN uaed) 

i 

i 

1 

Experiment ! 
No. 1 

HCN added, 
mg 

HCN re 

Amount, mg ! 

xjovered 

Per cent 

1 

1 

[ 163 

41 6 

41 2 

99.0 

A, In empty fumigation flask 45 min., then ! 


1 165 

23 6 

23 5 

100 0 

acidulated H 20 and CdSOi added 


1 166 

33 9 

33 9 

100 0 



[ 167 

11 0 

11 0 

! 

100 0 



f 146 

897 0 

901 0 

100 3 



147 

16 7 

17 0 

101 8 

B» In O.IN NaOH without distillation 


148 

22 0 

21 8 

99.1 



149 

44 2 

44 4 

100.5 



150 

28 6 

29 3 

102 4 



153 

53 2 

53.5 

100 6 

C 4 In O.IAT NaOH with double distillation. 

i 

r 218 

33 7 

33 5 

99 4 

acidulated IlaO and CdS 04 added 

1 

1 219 

26 1 

26 8 

98 9 


tions used for distillation was 3 liters. As shown by these volumes, the 
actual concentrations of HCN used in the experiments were very low. 
Before the experimental methods could be applied to citrus tissues, the 
conditions for the distillation and recovery of pure samples of HCN in 
such concentrations had to be standardized. 

Having solved the difficulties previously encountered in weighing 
known amounts of HCN, the first step in standardizing the methods for 
its recovery was to break the ampoule of liquid HCN in the empty fumi¬ 
gation flask and allow it to remain for 45 minutes. Thirty grams of CdS 04 
were added and enough II 2 SO 4 in each case to make the solution slightly 
acid—0.15 or 0.30 ml beyond neutrality (p. 477), according to the nature 
of the solution to be distilled. (The reason for adding the CdS 04 will be 
explained in the following section.) The results of these tests demon¬ 
strated that no losses occurred through the apparatus connections. The 
tabulated results are shown as treatment A in table 2. 

The second step was to break ampoules containing known amounts of 
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liquid HCN in the bottom of a tall cylinder containing about 900 ml of 
0.1 N NaOH. The solution was then poured into a liter volumetric flask 
and diluted to volume. The solution was not distilled; therefore no acid 
or CdS 04 was added. Aliquot samples of 150 ml each were titrated with 
standard AgNO^. The amounts recovered were in agreement with the 
available amount in each sample, as shown for treatment B in table 2. 

The third step was to attempt to recover the HCN from 0.1 N NaOH 
by double distillation, after having added the usual amounts of HjSO* 
and CdS 04 . The first distillates were redistilled because, as explained 
elsewhere in this paper, the first distillate from fumigated leaves con¬ 
tained a volatile substance which interfered with the titration of the 
HCN. The data (treatment C in table 2) show that the double distillation 
process i-esulted in only a very slightly lower percentage recovery of 
HCN than treatment B. 

THE RECOVERY OP HCN FROM (TTRTTS-LEAF DISTILLATES 
General Methoeh with Lcai'cs .—Mature or young citrus leaves were 
picked from the trees, i)lace(l in a container with a tight cover, and im¬ 
mediately brought to the laboratory and thoroughly mixed. About 15 to 
20 minutes elapsed between picking tlie leaves and jdacing them in the 
fumigation flask. The moisture in each lot of leaves was detennined on a 
lOO-grarn sample by heating the leaves at 100° C for 1 hour and then to 
constant weight at 70°. The loss in weight was recorded as the percentage 
of moisture. 

Unless otherwise stated, 200 gi*ams of mature leaves were used for 
each fumigation exi)eriment. The 200-gram sample was fumigated in a 
5-liter Pyrex flask and the length of the fumigation period was always 
45 minutes unless otherwise stated. Pyrex flasks were used in place of 
ordinary soda flasks because sodium cyanide would have been formed on 
the walls of the latter (9). A small ampoule containing a knoAvn amount 
of PICN was broken in the fla.sk containing the leaves. The flask was 
closed with a rubber stopper containing a large glass tube and a separa¬ 
tory funnel, both of which contained stopcocks so that an airtight seal 
could be made and no appreciable loss of IICN would occur. Tin foil was 
fiiinly cemented to the lower surface and sides of the stoi)per so that no 
reaction could take phuie between the rubber and the IION (5). The flask 
was kei)t in an inverted position and shaken several times during the 
fumigation period. 

At the end of the fumigation period, the flask was connected to a con¬ 
denser by means of the large glass tube. The end of the condenser ex¬ 
tended to the bottom of a 1-liter volumetric flask containing 100 ml of 
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N NaOH. The large stopcock in the tube leading to the condenser was 
opened, and 3 liters of acidulated distilled water was added through the 
separatory funnel. Enough material was distilled over to make 1 liter 
in the receiving flask; this brought the distillate to approximately 0.1 N 
with respect to NaOH. After the distillate had been filtered, 2 liters of 
acidulated distilled water and 30 grams of CdSO* were added, and an¬ 
other liter distilled and caught as before. Aliquots of 150 ml each of the 
second distillate were titrated to turbidity with standard AgNO*. The 
concentration of the AgNOa was usually 0.020 N, but ranged from 0.019 
to 0.022 N. 

The amount of acid placed in the distillation flask depended on whether 
it was added directly to the fumigated tissues or to the alkaline distillate. 
In the earlier tests, 0.2666 N (2 per cent) tartaric acid or 0.0036 N HgSOi 
(0.30 ml of concentrated H 2 SO 4 in 3 liters of solution) beyond the cal¬ 
culated neutrality (of solutions) was used. Before the investigation had 
progressed very far, citrus tissues were found to be sufficiently acid in 
reaction to make possible the recovery of the HCN during the distillation 
process. Therefore during the later tests on the leaves and on all of the 
fruits, only 0.0018 N II-.SO4 (0.15 ml in 3 liters of solution) was added. 
This precaut ion was taken to make sure that the medium would be acid in 
all cases. 

Interference of Hydrogen Sulfide ,—^Difficulties were encountered at 
once when attempts were made to determine HCN in the distillate from 
fumigated leaves. The first experiments showed that the distillate con¬ 
tained volatile substances which were carried over with the steam and 
which produced a darkening of the distillate on the addition of the first 
increment of AgNOj. Continued darkening of the solutions with further 
additions of AgNO., made it obvious that HCN could not be determined 
in the presence of such impurities. Therefore the immediate problem was 
to free the distillate of the volatile substances which reacted with AgNOj. 

There are from 2 to 4 ml of volatile oils in a liter of distillate from a 
200-gram sample of leaves. The removal of most of the oil by filtration 
did not eliminate the titration difficulties. Quantitative tests showed that 
the distillate was free of organic sulfur and volatile nitrogenous com¬ 
pounds. The solution, however, had a slight odor of lIjS, the actual pres¬ 
ence of which was confirmed by testing with lead acetate. 

A quantitative determination of the HgS was made by the CdS 04 
method, as described by Scott ( 8 ). A 200-gram sample of leaves was dis¬ 
tilled and four successive portions of 200 ml each were caught in 50 ml of 
a 6 per cent solution of CdS 04 . Separate similar distillations were made 
with the whole fruit, peel, and pulp. As shown in table 3, the total amount 
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of HjS which occurred in the distillate from the leaves or fruit was rela¬ 
tively small. However, when an aliquot portion was titrated with AgNOs, 
the quantity of Ag^S formed was sufficient to discolor the solution to 
such an extent that a false end point was obtained. 

The problem at hand was to convert the volatile n„S to a compound 
which was neither volatile with steam nor reactive with HCN. In an 
effort to do this, CdS 04 was added just before distillation began. The 
lIjS reacted with the CdSO, to form CdS, which is nonvolatile and which 
remained in the flask dui'itig distillation. To convert all the H^S to CdS, 

TABLE 3 

Amounts or Volatile 11,8 Obtained from the Distillates of 
O iTRus IjEaves and Green Fruits 


Fraction 
(diatillate) Nu , 

HaS from 200-gm samples of 
leaves, mg 

H 2 S from 15 green Valencia 
orangCH, mg 

200 ml each 

Sample I 

Sample II 

Sample III 

1 

Sample IV 

Whole fruit 

Pool 

Pulp 

1 

2 28 

2 38 

2.20 

2 29 

3 40 

1 32 

1 41 

2 

0 73 

0 82 

0 64 

0 64 

0 75 

0 99 1 

0 58 

3 

0 55 

0 55 

0 46 

0.55 

0.66 

0 66 

0 58 

4 

0 46 


0 55 

0 46 

0.75 

0 50 

0 66 

Total 

4 02 

3 75 

i 

3 85 

3 04 

5 56 

3.47 

3 23 


however, the solution would have had to cover the leaves entirely during 
distillation. This was impossible because the specific gravity of the fresh 
leaves was less than that of the solution; hence, the CdS 04 , instead of 
being placed in the flask with the leaves, was placed in the leaf distillate, 
and this solution was redistilled. The double distillation pro*;ess freed 
the solution of all HoS. 

Before ajiplying this procedure to leaves, it was nece.ssary to determine 
experimentally what effect, if any, CdSO* would have on the I’ecovery of 
known amounts of HCN. This was done by breaking ampoules containing 
known amounts of HCN, in 0.1 N NaOII. This solution was then poured 
into the distilling flask and diluted to 3 liters. In some of the experiments 
II 2 SO 4 , and in others tartaric acid, was used. Bach distillation was made 
in the presence of 30 grams of CdS 04 . The results given in table 4 show 
that the presence of the CdS 04 did not materially reduce the percentage 
of recovery of HCN, and that the recoveries were the same with HjSO, 
and with tartaric acid. 

Penetration of HCN into Leaf Tissues .—A series of experiments was 
carried out to determine the amount of HCN that actually penetrated 
the leaves during fumigation. At the end of the fumigation period, the 
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leaves were washed in the 5-liter fumigation flask with 2 liters of O.l N 
NaOH by shaking thoroughly so as t o get the alkaline solution to contact 
the walls of the flask and the surface of the leaves. The leaves were then 
washed four times with distilled water, 2 liters each time, and finally 
with 2 liters of acidulated water (containing 0.15 ml of concentrated 
H 2 SO 4 ). The acid solution was poured from the leaves, then 3 liters of the 
acidulated water was added to the leaves in the flask and distillation con¬ 
ducted in the usual manner. 


TABLE 4 


Amounts of IION Recovered after Distjulation from Solutions Acidified 
WITH UsSO* OR Tartaric Acid 
(Each solution contained 30 grains CdSO^) 


Acid lined 


■i iS04 


[’artaiic acul 


Kxperinient 

H(^N added. 

HC’N recovered 

No. 

mg 

Amount, nig 

Pei cent 


151 

26 1 

26 2 

100 4 


152 

38 H 

39 0 

100 3 


155 

34 3 

34 5 

100 C 


154 

29 0 

30 1 

101 7 


161 

28 8 

28 7 

99 7 


Average 



100 5 


156 

53 4 

53 6 

100 4 


157 

18 4 

18 6 

101 1 


15K 

59 9 

60 0 

100 2 


160 

32 3 

32 5 

100 H 


Average 



100 6 


As may be seen in table 7 (]). 481) an average reeovery of (^(>.3 per cent 
of the H(.'N added was obtained from the different lots of leaves which 
liad reeeived such a wasliin.u’ treatment in the interval between fumifra- 
tion and distillation. 

Itcteniion and Fixing of HCX bg the Tissues .—Anotlier experiment 
was made to determine how much available TK-N had remained in the 
leaves at «*iven intervals after fiimij^ation. The leaves were treated and 
recoveries made according to the procedure already described. At the 
end of the 45-minute fumigation period, the leaves were removed from 
the chamber, si)read on wire screen and exposed to labora¬ 

tory air for 1 niiiuite, and for periods of 2, 4, 8 , and 15 hours before they 
were distilled for the determination of IK^N. 

The results of tliese experiments are shown in table 5. A measurable 
amount of IICN remained in the leaves even after an exposui'e of 15 
hours to the laboratory air. The HCN that could not be recovered was 
apparently fixed in the vapor phase or by some nonvolatile substance in 
the leaf tissues either before or during distillation. 
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In order to determine whether the reactions occurred entirely or at 
least largely in the vapor phases, known amounts of HCN were added to 
distillates from unfumigated leaves and distilled at once in the usual 
manner. The results of these tests, given in table 6, show an average re¬ 
covery of 99.0 per cent of the HCN. 

TABLE 5 

Amoitnts or HON Brcoverkd from Pivb 200-Gham Lots of CJiteus Leaves Exposed 
TO Laboratory Air for Different Lengths of Time after Fumigation 


Time aerated 

Experiment 

No. 

Moisture 

in 

leaves, 
per cent 

HCN 

added, mg 

HCN recovered 

Amount, 

mg 

Per cent 



237 

56 2 

48.2 

29 1 

60 4 



238 

60.1 

34.7 

23.0 

66 3 

1 minute 


241 

67 0 

38 7 

28.3 

73 1 



242 

55 7 

49.6 

33.6 

67.5 



Average 




66.8 



[ 222 

59 5 

47.8 

17 5 

37.0 



1 223 

58 3 

33 0 

13 1 

39 7 

2 hours 


225 

59.0 

44.0 

16,8 

38 2 



227 

56 6 

37 2 

14 6 

39 2 



^ Average 




38.5 



261 

54 8 

28 4 

7 8 

27.6 



252 

54.8 

28 9 

8 6 

29.8 

4 hours . 

1 

264 

59 1 

31.2 

8 3 

26.6 


; 1 

265 

59 1 

27.8 

7.1 

25 5 


1 

Average 




27 4 


1 

' 266 

58 0 

40 2 

0 3 

15.7 



267 

58 0 

34 2 

4 6 

13 5 

8 hours 


268 

59.0 

32 0 

4.4 

13 8 



269 

59.0 

43 0 

6.3 

14 7 



Average 




14.4 



' 230 

58.5 

37 2 

7 6 

20.4 



231 

57.9 

28 1 

4 7 

16 7 

15 hours. 


239 

67 3 

31 2 

4.2 

13 5 



240 

60.4 

44 0 

4 1 

9 3 



^ Average 




15 0 


The next point was to determine whether additional HCN would react 
and combine with nonvolatile substances in the leaf tissues or with sub¬ 
stances that were not volatile enough to be carried over during the first 
distillation. (Previous tests had shown that additional amounts of vola¬ 
tile substances were driven over when leaf tissues were distilled a second 
time.) For this purpose, kpown amounts of HCN were added to different 
200-gram lots of unfumigated leaves and distilled at once. The results of 
these tests, also given in table 6, show an average recovery of only 95,8 
per cent of the HCN. 
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TABLE 6 

Bkooveby op HCN That Had Bsbn Addsd Directly to the Distillates prom 
C iTRTis Leaves and Then Distilled or That Had Been Distilled 
IN THE Presence op Mature Citrus Leaves 


Treatment 

Experiment 

No. 

Moisture 

of 

leaves, 
per cent | 

HCN 
added, mg 

HCN recovered 

! 

Amount, mg 

Per cent 


1 

f 255 

58.5 

41.7 

40 9 

98.1 



255 

57 5 

35.1 

34,7 

98.9 

HCN added to leaf distillate .... 


257 

57 5 

53 6 

53.1 

99.1 



258 

67.6 

25.7 

25.7 

100.0 



Average 




99.0 



f 258 

57.6 

45 0 

43.8 

97,3 




57.6 

34.8 


94.8 

HCN distilled in presence of 


1 261 

59.5 

41 2 

39.0 

94.7 

leaves. 


262 

59.5 

19.5 

18.8 

96 4 



263 

57.0 

26.8 

24.7 

95.7 



Average 




95.8 


Tests (see table 2) had shown that the HCN had not escaped from the 
flask; therefore it appeared that either the tissues were not finely enough 
divided to permit all of the HCN to escape during the process of distilla¬ 
tion, or a certain amount of the HCN was chemically bound or changed 
within the tissues during the periods of fumigation and distillation. An 
attempt to solve this problem was made by grinding 200-gi*am lots of 
fresh leaves to pass a 2-mm screen in a Wiley mill and by exposing the 
lots of ground tissues to kno\vn quantities of HCN in the distillation flask 

TABLE 7 

Amounts op HCN Becovered prom Ground and Fuaugated Citrus Leap Tissue 
AND PROM Citrus Leaves That Had Been Washed to Remove 
HCN Adhering to Their Surfaces 


Material used 

Experiment 

No. 

Moist ure 
in 

leaves, 
per cent 

HCN 

added, mg 

H(’N recovered 

Amount, mg 

Per cent 



f 232 

59 5 

38 7 

26 4 i 

68 2 



1 233 

59 5 

43 0 

26 4 

61.4 

Washed leaves 


235 

59 5 

28 8 

20 6 

71 5 



236 

59 4 

46 8 

29 9 

63 g 



^ Average 




66 3 



' 211 

59 7 

0 0 

0 0 

0 0 



207 

60 0 

42 6 

33.7 

79 1 



208 

61.5 

23 8 

19 1 

80.3 

Ground leaf tissue . . 


209 

57 6 

47 5 

36.8 1 

77 5 



210 

60 5 

27 8 

23.1 

83.1 



Average 




80 0 
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for a period of 45 minutes before distillation was bejcun. In these tests, 
the average recovery of HCN was only 80.0 per cent, as shown in the 
second group of data in table 7. 

Several series of experiments were carried out to determine the effects 
of different experimental treatments on the amounts of HCN that could 
be recovered from leaves. The treatments used are shown in table 8. The 
double-distillation process was used in all of the tests, and either gas or 

TABLE 8 

Amounts of HON Recovered from 200-Gram Lo'rs of Citrus Leaves Fumigated 
AND Distilled under Different Experimental Conditions 



Expert men t 

Moisture 

in 

HCN 

added, 

mg 

HCN recovered 

HCN not recovered 
by distillation 

Treatment* 

No. 

leaves, 
per cent 

Amount, 

mg 

Per cent 

Amount, 

mg 

Pei cent 


Seneft A, 100 ffratiis of leaves, fumigated 45 minutCH 



[ 180 

54 3 

51 8 

* 47 1 

90 9 

4 7 

9 1 

Solutions acidified with 

1 181 

52 5 

31 7 

28 2 

89 0 

3 5 

n 0 

HaSO^ 

\ 182 

53 5 

29 6 

26 5 

89.5 

3 1 

10 5 


' 183 

52 2 

32 0 

29 6 

90 0 

3 3 

10 0 


[ Average 




89 9 


10 1 



184 

55 3 

39 8 

35 1 

1 88 2 

4 7 

11 8 



185 

55 5 

' 41 9 

37 2 

1 88 8 

4 7 

n 2 

Solutions acidified with 


180 

54 8 

47 9 

41 0 

85 6 

6 9 

14 4 

tartaric acid. 


187 

56 0 

48 3 

43 4 

89 9 

4 9 

10 1 



188 

53 8 

13 4 

10 9 

81 3 

2 5 

! 18 7 



Aveiago 




86 8 


1 13 2 


Senes B, 200 grams of leaves, fumigated 90 minutes 



1 

' 195 

57 8 i 

32 8 

26 5 

80 8 

6 3 

19 2 

Solutions acidified with 

1 

196 

58 0 

34 8 

29.2 

83 9 

5 6 

16 1 

HiS04 


197 

1 59 0 

47 5 

39 9 

84 0 1 

7 6 

16 0 



198 

60 0 

38.4 

32 6 

84.0 

5 8 

15 1 



Average 




83 4 ‘ 

1 


16 6 



f 189 

56 2 

28.7 

20 4 

71 1 

8 3 

28 9 


i 

1 

190 

56 7 

31 0 

26 1 

78.7 

6 8 j 

21 3 

Solutions acidified with 


191 

56 7 

42 7 

33 5 

78 5 

9 2 

21 5 

tartaric acid 


192 

55 0 

48 9 

39.1 

80 0 

9 8 

20 0 



193 

53 9 

25 5 

17 7 

69 4 

7 8 

30 6 



^ A vorage 




75.5 


24 5 


f 202 

61.6 

23.3 

18 8 

80 7 

4 5 

19.3 

No acid in first distillation, 

I 203 

60 7 

41 4 

36 0 

87.0 

5 4 

13 0 

H 2 SO 4 used in second 


1 204 

56 1 

37 « 

33.3 

88 1 

4 5 

11 9 


1 205 

58 3 

23 5 

19 1 

81 3 

4 4 

18 7 



[ Average 




84.3 


16.7 


* All distillations were made by using direct gas or electric heat, except as indicated for the 
second group of tests in series C 
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TABLE 8 (Continued) 


Treatment* 

Experiment 

No. 

Moisture 

leavM, 
per cent 

HCN 

added, 

mg 

HCN recovered 

HCN not recovered 
by distillation 

Amount, 

mg 

Pei cent 

Amount, 

mg 

Per cent 

Series C, 200 grams of leaves, fumigated 45 minutes 



' 194 

54.8 

40 7 

33 2 

81 6 

7 5 

18.4 



109 

59 7 

33 1 

29 0 

87 6 

4 1 

12 4 

No acid in first distillation, 


200 

50 3 

53.0 

45 7 

86 2 

7 3 

13 8 

HitSOi used in second 


201 

60 5 

46 0 

40 1 

87 2 

5 9 

12 8 



[ Average 




85 6 


14 4 



' 224 

59 5 

56 8 

50 1 

88 2 

6 7 

11 8 

Steam distillation. hoIu- 


[ 22 fi 

61 7 

45 8 

38 5 

84 1 

7 3 

15 9 

tiofis acidified with 


228 

58 6 

49 4 

42 2 

85 4 

7 2 

14 6 

H 2 SO 4 . 


1 229 

57 3 

34 9 

28 9 

82 8 

6 0 

17 2 



[ Average 




85 1 


14 9 


1 

f 220 

59 8 

37 3 

32 5 

87 1 

4 8 

12 9 

Solutions acidified with 


221 

67 7 

54 7 

47 4 

86 7 

7 3 

13 3 

H 2 SO 4 


273 

62 0 

51 3 

45 5 

88 7 1 

5 8 

11 3 



274 

62 0 

45 0 

38 9 

86 4 j 

6 1 

13 6 



Avciage 




87 2 


12 8 

Sciies D, 200 grams of young leaves, fumigated 45 minutes 



; 212 

76 4 

38 7 

31 7 

81 9 

7 0 

18 1 



i 213 

75 5 

37 6 

26 7 

7! 0 

10.9 

29 0 



1 214 

75 9 

38 6 

26 1 

67 6 

12 5 

32 4 

Solutions acidified with 


j 210 

73 4 

47 6 

31 9 

67 0 

15 7 

33 0 

H?S04 


217 

75 9 

39 6 

32 4 

81 8 

7 2 

18 2 



215 

74 3 

0 0 

0 0 

0 0 

0 0 

0 0 



.\veiage 




73 9 


26,1 


* All clistillutions wt-ro ma<le by iiHinfi- dirt'rt pus or ek*ctnc heat, except as nuheated for the 
seeond proup of tests in senes C, 


eleetric! heat was applied directly to the distillation flask, except as indi¬ 
cated for the second prouj) in series C. All leaves were mature except those 
in series D, which w’cre about two-thirds mature. The temperature dur¬ 
ing the fumigation periods was always between 21° and 25° C, and in 
most cases it was 22° to 23°. The leaves Avere not removed from the flask 
before making the distillation, as had been done in the tests recorded in 
table 5. The distillation solution was run into the flask through the sepa¬ 
ratory funnel and none of t he HCN w^as allowed to escape. The recoveries 
therefore represent not only the recoverable portion of the HCN that had 
been absorbed by the leaves but also that which remained unabsorbed in 
the flask at the end of the fumigation period. 

Series A of table 8 .shows that the average percentage of II(^N reeov- 
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ered from lOO-gram lots of leaves fumigated for 46 minutes and distilled 
from water acidulated with HgSO* was 89.9 per cent, and those acidu¬ 
lated with tartaric acid gave a recovery of 86.8 per cent. 

In table 8 , series B, 200-gram instead of lOO-gram lots of leaves were 
used. The treatments were similar except that the fumigation periods 
were 90 instead of 45 minutes and that in the last four tests in this series 
the leaves were distilled in nonaeidulated water. The average recoveries 
for the three groups in this series were: acidulated with H 2 SO 4 , 83.4 per 
cent; acidulated with tartaric acid, 75.5 per cent; and nonaeidulated, 
84.3 per cent. 

In series C of table 8 , the treatment of the first group was the same as 
that of the last group in series B, except that the fumigation periods 
were 45 minutes instead of 90. The average percentage of HCN recovered 
was 85.6. The second and third groups of data in series C show the com¬ 
parative effects of steam distillation and distillation with direct heat. The 
average percentages of recovery of HCN were 85.1 and 87.2, respec¬ 
tively. Although no statistical studies have been made, the variations 
within the groups indicate that the differences are not significant. 

A comparison of the amounts of HCN recovered from mature leaves 
and from those having reached only about two-thirds full size can be 
made from the results,recorded in the last group of series C (mature) 
in table 8 , and in series D (young). The average percentages of HCN re¬ 
covered were 87.2 and 73.9, respectively. 

THE RECOVERY OF HCN FROM CITRUS-FRUIT DISTILLATES 

The green and mature citrus fruits tested were all picked from the same 
block of trees, a standard orange clipper being used to cut the stem. After 
picking they were immediately brought to the laborator 3 ^ counted into 
lots—^usually of 15 each—weighed, and the diameters measured. 

In working with the young, green orange fruits, the same precautions 
as had been used wth the leaves were necessary. In the first tests, the 
green fruits were cut into small pieces and treated like the leaves. A 
known quantity of HCN was dissolved in a solution of NaOH of the 
usual strength, placed in the flask with the sliced fruits, and distilled 
at once. 

In addition to HoS, which had caused trouble in making determina¬ 
tions from the leaf extracts and which was taken care of by using CdS 04 , 
there appeared to be a substance or substances in the distillate which 
slowly reacted with the HCN. In order to check on this possibility, the 
amounts of TICN in the distillates were determined immediately after 
distillation and then again after the distillate had stood for 24 hours. 
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The results of these tests are shown in table 9. The quimtities of HCN 
added before distillation plotted against the quantities recovered in the 
distillate immediately after distillation show a straight-line relation 
(graph not included in this paper). 

TABLE 9 

Amounts of HCN Recovered prom the Distillate prom Green and Mature 

Valencia Fruits 

(The HCN was added either immediately before or after distillation; 
there was no fumigation period) 







HCN recovered after standing 

HCN added 
before or after 
distillation 

Experi' 

merit 

No. 

Date of 
picking, 
1937-38 

Weight 
of fruits,* 
grams 

HCN 

added, 

mg 

Amount, mg 

Per cent 




0 hours 

24 hours 

0 hours 

24 hours 


Green Valencia fruits 




( 287 

Oct 

20 

729 

52 8 

48 i 


91.7 




288 

Oct. 

20 

724 

37.2 

34.4 


92 5 




289 

Oct. 

25 

1,103 

39 6 

36.4 


91 9 




290 

Oct. 

25 

1,208 

48 6 

44 6 


91.8 




339 

Nov. 

26 

1,140 

81.6 

73 5 

71.9 

90 1 

88 1 



840t 

Nov. 

26 

1,108 

27.1 

25 6 

24 7t 

94 5 

91 It 

Before 


360 

Dec 

17 

1,144 

65.5 

60 7 

59 6 

02.7 

91.0 



361 

Dec. 

17 

1,242 

42 3 

39 4 

37 7 

93 1 

89.1 



362 

Dec. 

20 

1,341 

16 7 

15 2 

14 3 

01 0 

85 6 



363 

Dec. 

20 

1,300 

23 9 

22 5 

21 6 

94 1 

90.4 



364 

Dec 

21 

1,464 

34.6 

31 7 

30 1 

91 6 

87 0 



365 

Dec 

21 

1,390 

28.5 

27.2 

25.6 

95 4 

89 8 



Average 







02 5 

89 0 

Immediately after 

342: 

Nov 

20 

2,248 

75 0 

73 1 

69 6: 

97 6 

92.8: 

24 hours after 

343 

DtHJ. 

1 

1.155 

15 1 

14 5 

14 3 

• 96 0 

94.7 

48 hours after 

344 

Dec. 

1 

1,117 

39 2 

37 8 

i 37 4 

96 4 

95.4 


Mature Valencia friiitB 




'' 360 

Mav 

3 

1,182 

71 6 

67 4 


94 1 


1 


367 

MR^ 

4 

1,085 

34 2 

31 4 

30 6 

91.8 

89 5 

Before.. 


368 


4 

1,122 

35 6 

33 0 

32.2 

92.7 

90.4 



369 

Mav 

5 

1.184 

50 0 

45 8 


91.6 




^ Average 



_i 




92 5 

90 0 


• The number of fi uits was 15 except as follows: experiment No. 287, 13 fruits; No. 288,13; No. 342, 30; 
No. 306, 7; No. 367. 7; No. 368, 8; and No. 369, 8 
t After 72 hours. 23 7 mu. 87.5 per rent 

X After 48 and 72 hours, 69 0 aiul 68.5 mg, 92.0 and 91.3 per cent, respectively. 


Further trials were made, not only by adding a known quantity of 
HCN immediately before distillation and by making determinations on 
the distillate at intervals, but also by adding known quantities of HCN 
to distillates from unfumigated fruits and by making determinations at 
once and at 24- and 48-hour inten'als. The results of these tests are also 
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given in table 9. The leaf extracts appeared to contain similar substances, 
but no definite tests were made to determine the amounts of HCN that 
combined with them after given intervals of time. 

Several months later similar tests were made on mature Valencia 
fruits taken from the same trees. The color of the distillate indicated 
that the amount of HoS in the mature fruits was less than that in the 
green fruits; however, enougli was present so that it was necessary to use 
CdS 04 in the distillation flask. The amounts of HCN recovered from the 
different lots of mature fruits are given in the lower section of table 9. 

In the next series of tests, different lots of green fruits were fumigated 
for 40 minutes in a 100-cii. ft. gastight metal fumatorium with different 
amounts of HCN. 

The amounts of IJCN used for fumigation at different times ranged 
from 0.88 mg to 3.66 mg per liter of space in the fumatorium. The fumi¬ 
gation temperature was always maintained at 24° C. The period of fruit 
aeration after fumigation ranged from 5 minutes to 44 hours; the two 
periods most used were 10 minutes and 22 hours. A fan kept the gases 
in the fumatorium in constant circulation during the entire fumigation 
period. The concentration of HCN in the fumatorium was measured four 
times during a fumigation period. 

After fumigation, each fumigated fruit was cut into 10 to 15 pieces 
and placed in the distillation flask with 3 liters of acidulated distilled 
water and 30 grams of CdSO^. It was necessary to make only a single 
distillation with the fruits because the tissues wci’c more nearly com¬ 
pletely immersed in the distillation liquid. In experiments 281 to 334, 
inclusive, the fruits were distilled by direct heating. In experiments 337 
to 369, inclusive (Nos. 342 to 369 not included in table 10), they Avere 
steam-distilled. One liter of distillate was caught in NaOH as described 
for the leaves. After filtering the distillate, 150-ml aliciuols were used for 
titration. 

Table 10 shows the amounts of HCN recovered from green Valencia 
oranges that had been fumigated in the fumatorium. Four to eight lots 
of fruit were used in each experiment. The amount of IK^N recovered 
w^as roughly in direct proportion to the concentration of HCN in the 
fumatorium, as shown in figure 1. The figure does not show it, but the 
amount of HCN recovered from the fruit was inversely proportional to 
the length of the aeration period. No HCN could be detected after 44 
hours’ aeration. 

The data recorded in table 11 are similar to those in table 10, except 
that, although in all cases the whole fruits were fumigated, the peels and 
pulps of some lots were distilled separately. This was done in order to 



TABIiE 10 

Amounts of HCN Recovered from the Distillate from Green Valencia Oranges 
Fumigated with Different Amounts of HCN in the Fumatorium 


HCN per 
liter in 
fuma¬ 
torium, mg 

Date of 
picking fruits, 
1937 

Experiment 

No. 

Length 

of 

aeration 

! 

Weight 
of fruits, 
gi ams 

Average 

diameter 

of 

fruits, 

inches 

HCN reco 

Sample of 
15 fruite 

vered, mg 

Average of 

2 samples 





( 281 

5 min. 

1,120 


8 8 1 

8 3 





282 

5 min. 

1,201 

2}4 

7 7 / 


1 10 

Oct. 

20 

J 

283 i 

22 his. 

1.254 


1 0 1 

0 8 





284 

22 hrs. 

1,037 

2 

oof 






285 

44 hiH 

1.063 

2 

0 0 1 

0 0 





, 286 

44 lire. 

1,211 

2)4 ; 

0 0 / 






[ 323 

15 min 

1,171 

2% 

12 1 \ 

12 5 

0 88 

Nov. 

17 


324 

15 min. 

1.203 

2‘4(j 

13 0/ 






325* 

22 hrs. 

1,174 


2 1 1 

2 0 





[ 326* 

22 hrs 

1,182 

2K 

1 9/ 


1 «1 

Oct 

20 

j 

f 299 

15 min. 

1,206 


21 4 1 

22 1 




1 

[ 300 

15 nnri 

1,142 


22 9 / 


1 52 

Nov 

3 

/ 305 

10 min 

1,111 

21<6 

27 7 1 

29 3 




\ 306 

10 min. 

1.150 

2«u« 

31 0 / 





1 

1 311 

10 nun 

1.175 

21^ 

21 0 1 

19 6 

1 47 

Nov 

0 

J 

1 312 

10 nun 

1,142 


18 3 f 





1 

315 

24 hrs. 

1,184 

218 

2 6 1 

2 6 





i 316 

24 his. 

1.123 

2^ 16 

2 6 f 





1 291 

5 mm 

1,174 

23 8 

38 6 "I 

39 0 

2 5S 

Oct 

26 

1 292 

5 min. 

1,191 

2^ii 

39 3 f 






1 295 

44 his. 

1,164 

2-’fc 

0 0 1 

0 0 





[ 29f} 

44 hrs 

1.190 

Vn 

0 0 / 


2 58 

Oct 

27 

/ 293 

22 hre. 

1.160 

2^2 

4 7 1 

5 1 




\ 294 

22 hrs 

1,148 

2* -> ] 

5 6 / 


2 46 

Nov 

12 

/ 317 

10 nun 

1,051 

2> ,6 

35 2 \ 

35 6 




\ 318 1 

10 mm 

1.106 


36 1 / 


3 66 

Nov 

15 

/ 319 

10 min 

1 1.140 

21 R 

68 4 1 

66 6 




[ 320 

10 min 

1,085 

2' >6 

64 7 / 


3 15 

N<iv 

16 

/ 321 

10 nun. 

1,120 

2ll« 

68 2 \ 

59 0 




1 322 

10 nun. 

1.022 

2^16 

59 8 / 





1 

f 327* 

15 mm. 

1,126 

2' 16 

57 3 \ 

54 0 

3 21 

Nov 

10 

1 

! 328* 

15 mm. 

1.129 

2^16 

50 8 f 






1 329 

22 hrs 

1,143 

2»t« 

8 8 \ i 

9 1 





[ 330 

22 hrs. 

1,170 


94 / 





1 

' 33U 

15 nun. 

1,146 

2M 

.39.9 1 

43 3 

3 24 

Nov 

22 

J 

332 J 

16 imn. 

1,134 

2^4 

46 6 / 





1 

1 333t 

1 22 hrs 

1,136 

2H 

6 4 1 

6 7 





L 3341 

22 his. 

1,165 

2V^ , 

6 9/ 






f 337 

15 nun. 

1,065 

21i6 

32 8 \ 

32 2 

2 50 

Nov 

26 


! 338 

15 mm. 

1.076 

2'^ 

31 7 / 






[ 341 

22 hrs. 

1,177 

i 2H 

1 

6 6 



• , t Tested 24 , 42, and 72 hours, lospoctiveiy, after distillation. No earlier titrations were made. 
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determine the depth of penetration of the HCN into the fruits during 
the fumigation period and during the interval between fumigation and 
distillation. In order to guard as much as possible against the loss of 
HCN, the fruits were dipped in distilled water before peeling and the 
water was added to the distillation solution. In this connection it may be 



Fig. 1.—The amounts of HCN that were placed in the 
lOO-ou.-ft. fumatorium with different lots of green Valen¬ 
cia fruits, and the amounts of HCN recovered from them 
by subsequent distillations (see table 10). 

mentioned that citrus fruits are acid and sucli a condition favors the 
release of IICN. The determinations were made on all of the distillates 
immediately, and then again 24 or 48 hours later. 

DISCUSSION 

A nonvolatile organic acid of low concentration is usually recommended 
and used in the recovery of HCN from biological materials by the distil¬ 
lation method. Krieble and Peiker (5) found that hydrolysis of the HCN 
will occur, and Cobb and Walton (4) have shown that HCN forms com¬ 
plexes with HjS 04 , if the acid concentrations are too high. However, 
Pagel and Carlson (7) and Morris and Lilly (6) reported satisfactory 
recovery when HCN was distilled from solutions acidified with H 2 SO 4 . 

Most of the distillations reported in these experiments were made in 
the presence of H 2 SO 4 . This acid was used because, as shown in series A 
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and tbe first two groups of series B in table 8 (p. 482), a greater percent¬ 
age of tbe HCN could be recovered by using HaSO* than by using tar¬ 
taric acid. Furthermore, for some unknown reason, titration to the end 
point was somewhat more dilBcult when tartaric acid was used. As has 
been stated already, in the earlier tests, 0.30 ml, but in the later tests 
only 0.15 ml, of concentrated HaSO^, beyond neutrality, was used in 
the 3 liters of solution in the distillation fiask. It should be borne in mind 

TABLE 11 

Amounts or HCN Bbcovisiiko peom Pumioated Gbkvkn Valencia Oranges 
ANU FROM Their Peels and Pulps Separately 
(The determinations were made immediately after distillation 
and 24 or 48 hours later) 


HCN 

per 

liter in 
fuina^ 
torium , 
mg 

Dat« 

of 

picking, 

1937 

Length of 
aeration 

Average 

dia¬ 

meter 

of 

fruits, 

inches 

Weight 

fruits, 

grams 

Experi¬ 

ment 

No. 

Part 

of 

fruit 

distilled 

HCN recovered 
after standing, mg 

HCN lost on 
standing, rng 

0 

hrs. 

24 

hrs. 

48 

hrs. 

24 

hrs. 

48 

hrs. 




f 15 min. 

2Vii 1 

1,065 

337 

Whole 

32 8 

31 7 


1 1 


2 50 

Nov. 26 

j 

15 inin 

2*4 ! 

1,075 

338 

Whole 

31 7 

29.7 


2 0 





[22 lira. 

2H 

1,177 

341 

Whole 

0.6 


5 0 


1 6 







/ 335 

Peel 

19 8 


17 7 


2 1 

1.68 ! 

Nov. 24 1 

i 


15 min 

2*4 

1,087 

i 336 

Pulp 

2 6 


2 0 


0 6 







/ 345 

Peel 

16.8 

14.4 


1 4 





1 15 rnin. 

2’fii 

1,149 

\ 346 

Pulp 

3 2 

2 3 


0 9 





1 , 



/ 347 

Ptvl 

5.5 

5 0 


0 5 


1 59 

Deo, 2 

4 hrR 

2H 

1,213 

\ 348 

Pulp 

1.9 

1 2 


0 7 








/ 340 

Peel 

2 0 

1.9 


0 1 




1 

22 hrs 

2*4 

1 133 

\ 350 

Pulp 

0 0 

0 4 


0.2 



that neither of these concentrations of HaSO^ (0.0176 per cent, 0.0036 N, 
and 0.0088 per cent, 0.0018 N, respectively) furnished the solutions with 
as many free Il-ions as were available in the 2 per cent (0.2666 N) tar¬ 
taric acid solution. Table 4 (p 479) shows that the same average recovery 
of HCN was obtained with H^SO* as with tartaric acid when the distilla¬ 
tions were made in the absence of leaves. 

Distillations were made with steam or, more often, with heat from a 
free flame or an electric healer. The results given in treatment C of table 
2 (p. 475) show that the application of direct heat did not cause a meas¬ 
urable destruction of HCN, probably because of the high vapor pressure 
of HCN, which caused it to distill rapidly, and because of its very low 
concentration in the solution in the distillation flask. 

The liquid HCN used in the experiments reported in this paper was 
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guaranteed to contain 96 per cent available HCN. Corrections have ac¬ 
cordingly been made to a basis of 100 per cent available HCN wherever 
percentages of recovery are given. However, when the distillations were 
made in the absence of tissues, the recoveries (see table 2, treatment B, 
and table 4) indicate that the amount of available HCN was approxi¬ 
mately 96.5 per cent. 

All of the HCN could not be recovered from citrus leaf tissues. Re¬ 
peated tests showed that no additional HCN could be recovered from the 
fumigated tissues by driving over more than 800 to 900 ml of distillate 
or by redistilling the tissues. Tests also showed that none of the HCN 
was escaping from the receiving ves.sel. This was determined by using a 
chain of receiving vessels. All of the IICN was caught in the first unit. 

The leaves appear to contain a substance or substances which combine 
with a portion of the HCN in such a manner that it either is no longer 
volatile, or if it does distill over, will not react with standard AgNO.,. 
More HCN could be recovered when the distillations were made as soon 
as the HCN had been added than when the tissues were exiJosed to it dur¬ 
ing a 45-minutc fumigation period. This is shown very well by the data 
in tables 6 and 8. Table 6 (p. 481) shows that 99.0 per cent of the HCN 
could be recovered when it was distilled at once from leaf distillate and 
95.8 per cent when distilled at once in the i)resence of unfumigated leaves. 
These percentages of recovery are considerably higher than those ob¬ 
tained by making the distillations after a 45-minute fumigation period. 
Under such conditions the highe.st percentages of recovery from 100- 
gi’am and 200-gram samples of mature leaves were 89.9 per cent and 87.2 
per cent, re.spectiv'ely, while the recovery from 200-gram samples of im¬ 
mature leaves was oidy 73.9 per cent (see table 8, p. 482). Such i-esults 
indicate that at least a certain amount of HCN can be chemically bound 
or fixed by citrus leaf tissues. Apparently biological or other factors pre¬ 
vented proportionality fixation. 

Because of the manner in which the fruits were fumigated, the per¬ 
centages of HCN recovered from them cannot be computed. That the 
fruits, as well .is the leav'es, fixed a certain amount of the H(3N during 
the fumigation i)eriod is indicated by the fact that w'hen unfumigated 
fruits were placed in an alkaline HCN solution and distilled at once, only 
about 92 per cent of the HCN could be recovered (table 9, p. 485). This 
is more strikingly shown in results that have not been described or tabu¬ 
lated. When different lots of fruits were exposed to 1.61 mg of HCN per 
liter of space in the fumatorium and distilled, after a 15-minute period 
of aeration, about 22 mg of HCN was recovered. However, when other 
lots of fruit, which had been fumigated at the same time, were placed in 
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desiccators over NaOH and left for 17 and 64 hours, averajfes of only 
8.9 mg and 2.3 mg, respectively, could be recovered from the fruits and 
their underlying NaOH. 

In studying the (*yanophoric glucosides in such plants as Prunus 
virginiafia and Andropogon Sorghum^ Alsberg and Black (7) found that 
not only all autogenous IK^N in the tissues could be obtained but also 
that 100 per cent of any added IICN could be recovered if the distillation 
were made at once. These results do not agree with those reported in this 
paper for citrus tissues. Immediate distillation did not recover all of the 
added IICN, and the more finely divided the tissues were before being 
fumigated or the younger the tissue, the less the percentage that could 
be recovered. Only about 80 per <*.ent could be recovered when the mature 
leaf tissues were fiiie^^ ground, fumigated, and distilled at once (table 7, 
p. 481), and only about 74 per cent from whole, immature leaves (table 8, 
p. 482). From these and ot her studies ( 10) it appears that the amount of 
IICN fixed or chemically changed during and after fumigation depends 
upon the kind of plant tissue that is being tested. 

In this connection it may be repeated that Bartholomew and Raby {3) 
found that citrus leaf and fruit tissues do not contain a cyanophorie glu- 
coside. These results have been verified in the present investigation (for 
exami)le, see ex])eriment 211, table 7, j). 481). 

Although studies in this field have been outlined, no attempt was made 
during the course of these experiments to determine the nature or iden¬ 
tity of the substance's which prevented the recovery of all of the IK.-N. 
Bartholomew and Hahy (.V) found that full recoverie's could be made 
when HCN was distilled in the presence ot* sugars, citral, or pure citrus 
oils. They found, however, that small amounts of aldehyde^s can be re¬ 
covered fi-om green citrus tissues and that these may be at least partially 
responsible for the fixation of the IICN that could not be recovered after 
distillation in the ])resence of the tissues. Whether these substances or 
others were responsible for the progressive disapi)earanee of titratable 
Il(yN from the distillate from citrus tissues upon standing is not known. 
Maximum determinations of IICN in the distillates were obtained by 
titrating immediately after <listillation. 

That the disappearance of HCN, in such dilute solutions as were used, 
could not have been caused except by its being combined with substances 
in or distilled from the tissues was determined by experimentation. 
Thirty-one mg of NaCN were dissolved in 1 liter of distilled H^O, and 
125 liters of air per hour were Inibbled through it over a period of 24 
hours. At the end of the period the solution contained the same amount 
of NaCN as at the beginning. 
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That the HCN had actiially penetrated the leaves during the period of 
fumigation and was not merely adhering to their surfaces was shown by 
the fact that an average of 66.3 per cent of the HCN could be recovered 
from the leaves even after they had received the several washings of 
alkaline, distilled, and acidTilated water (see table 7, p. 481). Similar re¬ 
sults are indicated in table 5 (p. 480), where it is shown that HCN could 
be recovered from mature citrus leaves although they had been exposed 
to the laboratory air for as long as 15 hours. By the end of the 15-hour 
period, the leaves had become badly wilted and had lost about 27 per cent 
of their water content. Further evidence that the HCN penetrates into 
the citrus tissues is presented in table 11 (p. 489), which shows that 
HCN could be recovered from the pulps after the peels had been removed 
from fumigated whole fruits. These results are specially mentioned be¬ 
cause of unpublished statements to the effect that HCN does not enter 
citrus leaves or fruits but merely adheres to their cutinized surface dur¬ 
ing the fumigation period of 40 or 45 minutes. 

The first group of results given in table 5 (p. 480) were obtained by 
removing the leaves from the fumigation flask, exposing them to the 
laboratory air, and stirring them for 1 minute before distilling them to 
recover the HCN, The question may be raised as to whether all of the 
HCN had escaped from the surface of the leaves during such a short 
period of time. That such a time interval was sufficient is indicated by 
the fact that the average of the amounts of HCN recovered from leaves 
treated in this manner was 66.8 per cent (table 5), while the average 
recovered from the leaves that had received the several washings, after 
being fumigated and before being distilled, was 66.3 per cent (table 7, 
p.481). 

The results given in tables 10 and 11 (pp. 487 and 489) are expressed in 
milligrams rather than as percentages. Recovery percentages, calculated 
on the basis of the total quantity of HCN added to the fumatorium and 
the amount recovered from the fruit would be of little value, since a con¬ 
siderable quantity of the HCN was sorbed on the walls of the fumato¬ 
rium; HCN is known to be strongly sorbed on siirfaces of this kind. 
Furthermore, traces of sodium or other alkaline substances on the walls 
of the fumatorium would also react with the HCN. Early investigations 
showed that soda glass could not be used in such experiments. 

As has been stated, tests were made, usually at intervals of 2,7,15, and 
30 minutes, in order to. determine the relative concentrations of HCN to 
which the tissues were exposed in the fumatorium during the fumigation 
period. The maximum decrease in the amount of HCN in the fumatorium 
at the time of the 30-minute test, in comparison with that present at the 
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time of the 2-minute test, was 14.4 per cent. The average decrease for all 
fumatorium tests was 8.2 per cent. 

Results of unpublished experiments’ show that this average of 8.2 per 
cent is very close to the average obtained when tests were made to deter¬ 
mine the amounts of HCN that would be sorbed by the walls, pipes, and 
other portions of the iron fumatorium when no tissues were present. 
Therefore only a comparatively small proportion of the decrease in HCN 
in the fumatorium by the end of the fumigation period was due to absorp¬ 
tion by the fruit that was being fumigated. However, computations from 
the data in table 10 (p. 487) indicate that a given volume of fruit con¬ 
tained from ten to fourteen times as much HCN as an equal volume of 
air in the fumatorium. The amounts of HCN to which the different lots 
of fruits were exposed, as given in tables 10 and 11 (pp. 487 and 489), are 
the averages of the tests made during the fumigation period and not the 
original amounts placed in the fumatorium. 

In a preliminary report. Bartholomew and Tiaby {3) stated that a com¬ 
paratively large amount of HCN was combined or fixed by substances 
distilled from citrus leaves in such a manner that it would not react 
with standard AgNO.,. The present investigations have shown that the 
amounts of HCN fixed by citrus tissues (table 6, p. 481) are not so great 
as they stated. The reason for the error in the preliminary work was the 
presence of IIin the di,stillate, which prevented the determination of 
the end latint until excessive amounts of IICN had been added. The plac¬ 
ing of CdSOj in the distillation flask obviated the difficulty encountered 
in the earlier work because it changed t he volat ile IImS to nonvolatile CdS. 

SUMMARY 

Methods ar«* described for tin* handling of IICN in amounts as small as 
10 to 15 mg and for the distillation, recovery, and detei'inination of HCN 
from citrus t issues. 

Hydrogen sulfide from the fumigated citrus leaves and fruits passed 
over into the distillate and interfered with the determinations of IICN 
with standard AgXO;,. This trf)ublc was overcome by placing CdSO^ in 
the distillation flask at the time of making the first (fruits) or second 
(leaves) distillation. 

Tissues of citrus leaves and fruits are already acid, so that only a small 
amount of coTicent rated n,S ()4 had to be added to insiire the recovery of 
the HCN during distillation. No destruction of the IICN occui’red as a 

’’ Lindgruu, T). L. Sorption of HON by tlie Avails of .a niotal fumatorium. Unpub¬ 
lished materia) on file at University of California Citrus Experiment Station, Diviaion 
of Entomology. IM,'). 
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result of using H2SO4 of these concentrations, and even better recoveries 
of HCN were obtained than when the tissues were distilled in the pres¬ 
ence of a 2 per cent solution (beyond neutrality) of tartaric acid. 

The experimental results indicate that citrus leaves and fruits fix or 
alter a portion of the HCN during the fumigation period so that it cannot 
be recovered by distillation. Approximately 85 per cent of the HCN 
could be recovered from mature leaves and 73 per cent from immature 
leaves. Less HCN could be recovered from leaves that had been finely 
ground before being fumigated than from fumigated whole leaves. There 
was an evident fixation of a portion of the HCN. HCN penetrates into 
the tissues and does not merely adhere to the surface. This was shown 
by the tests in which the leaves were thoroughly washed before distilla¬ 
tion and by the fact that HCN could be recovered from the pulp of fumi¬ 
gated fruits after they had been peeled. 

Aeration tests with mature fumigated leaves showed that the amounts 
of HCN that could be recovered from them decreased in roughly inverse 
proportion to the length of time of aeration. Fifteen per cent was recov¬ 
ered from the leaves after 15 hours, but none could be recovered from 
the fruits after 44 hours. 

The amounts of HCN that could be recovered from citrus leaves and 
fruits were directly proportional to the amounts of HCN placed in the 
fumatorium in these tests. 

When leaf and fruit distillates which contained HCN were allowed to 
stand, some unknown substance in the distillate continued to combine 
slowly with the HCN so that it would not react when titrated with stand¬ 
ard AgNOj. 

By the end of the 40-minute fumigation period in the fumatorium, a 
given volume of the green fruit contained from ten to fourteen times as 
much HCN as there was in an equal volume of air in the fumatorium. 
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FACTORS AFFECTING CURLY-TOP 
INFECTIVITY OF BEET LEAFHOPPER, 
EUTETTIX TENELLUS' 

IIENBY H. P. SEVERING 

(Contribution from tho Division of Entomoloiyy and Parasitology, California Agricultural Ex¬ 
periment Station, University of California, cooperating with the United States Department of 
Agriculture, Bureau of Entomology.) 

INTRODUCTION 

A NUMBER OF INVESTIGATORS have Called attention to the fact that large 
numbers of beet leafhoppcrs, Eutettix tenellus (Baker), collected in the 
foothill breeding areas and on weeds in the cultivated areas, failed to 
transmit the curly-top virus to sugar beets. There have been occasional 
reports in the literature of large populations of leafhoppcrs in beet fields 
with a small amount of curly top developing during the season. 

Smith and Boncquet (5.?)’ tested fully 2,000 beet leafhoppers taken on 
Atriplcx tiilarensis and Chenopodium album in the Tulai'e Lake region 
of the San Joaquin Valley upon several hundred sugar-beet plants with¬ 
out the production of curly top in a single instance. 

Boncquet and Ilartung {1) report that 100 leafhoppere collected on 
species of Artemisia and Afriplex in the Tulare Lake region and confined 
singly in cages on beet seedlings failed to produce curly top. Hartung 
(5), in a detailed paper on the results of the same experiment, states that 
87 insects were tested and that 7 per cent “probable” cases of curly top 
developed. These “probable” cases of curly top showed one or more 
slightly curled leaves, but no reliable symptoms of the disease, such as 
w'artlike protuberances on the lower surface of the leaves. 

Ilartung (6) tested 2 lots of leafhoppers collected on the foothills, and 

^ Received for publication February 14, 1938. 

^Associate Entomologist in the Experiment Station. 

“ Italic numbers in parenthesis refer to '‘Literature Cited” at the end of this paper. 
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found that 6 per cent of one and 30 per cent of the other transmitted the 
curly-top virus to sugar beets. 

Hartung (5) found the beet leaf hopper abundant in a field of beets 
just being thinned at Visalia on April 20,1915, and when he again visited 
the beet field on June 5, only slight indications of curly top were present. 
He concluded that a high percentage were unable to transmit the curly- 
top virus. 

A number of lines of investigation were followed in an attempt to de¬ 
termine the percentage of leafhoppers infective in different localities in 
the state and in different years, and to analyze the factors that may be 
involved. To this end, tests were made to determine whether leafhoppers 
collected many miles from sugar-beet fields are infective; what per¬ 
centage of leafhoppers are infective on the foothills of the San Joaquin 
and Salinas valleys and in the cultivated areas; whether food plants 
immune to curly top affect the period of infectivity of the insect; what 
percentage of infectivity is shown by insects reared on weeds that at¬ 
tenuate the curly-top virus; whether the virus can be recovered from 
infected perennials repeatedly and at different seasons, and from in¬ 
fected annuals repeatedly during the life of the plants. Some further 
tests were also conducted on the host range and reservoirs of curly top 
on the uncultivated plains and foothills, and on the recovery of the virus 
from the most important breeding plants by single insects. 

METHODS 

In collecting beet leafhoppers under natural conditions, general sweep¬ 
ings were made on pasture vegetation, preferably on one species of plant, 
although this w’as not always possible. The leafhoppers taken on each 
species of plant were removed from the insect net with a pipette de¬ 
scribed in a previous paper {15) and transferred to a cage. On red-stem 
filaree {Erodium cicutarium) growing on the foothills, nymphs were 
usually captured with a pipette. In beet fields the overwintering females 
were disturbed by moving the hand among the leaves, and then the in¬ 
sects were caught with a pipette. The vegetation on which leafhoppers 
were captured was not used as food because there was a possibility that 
some of the plants were infected with curly top, and hence the insects 
while in the field were fed in cages on the foliage of Mammoth or Ala¬ 
meda sweet corn (Zea Mays), which is immune to curly top. 

In determining the percentage of infective beet leafhoppers under 
natural conditions, from 25 to 100 nymphs or adults were collected on 
the footliills or in the cultivated areas, and then each specimen was con¬ 
fined in a cage enclosing a healthy sugar-beet seedling in the greenhouse. 
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During the years 1926 to 1933 but not during 1924, each leafhopper was 
fed on the first beet for a period of 2 weeks and then was provided with 
a second healthy beet, except those specimens which had transmitted the 
curly-top virus to the first plant. 


INFECTIVITY OF BEET LEAPHOPPERS IN DESERT, 
FOOTHILL, AND CULTIVATED AREAS 

Near and Away from Beet Fields .—In 1918, tests were made to deter¬ 
mine whether beet leafhoppers were infective in localities where no sugar 
beets were grown and also in the vicinity of beet fields. The results are 
given in table 1. Adults were collected on different species of plants 


TABLE 1 

Plants prom Which Beet Leaphoppers Transmitted Curly-Top 
Virus to Sugar Beets 



1 Plants on which insects wei e collected 


Date 

District 



Number of 

insects were 



insects tested 

collected, 


Common name 

Scientific name 


1018 

Imperial Valiev, away from beet 





fields: 





Dixieland 

Lowland purslane 

Settuvium sesatle 

7 adults 

Mar. 13 

Calexico . 

Lowland purslane 

iSesupturn sessile 

300 adults 

Apr. 2 

Niland. _ 

Whoelscale 

A triplex elegans 

r 25 nymphs 
\200 adults 

Apr. 21 
Apr. 21 

Mojave Desert, 2 to 4 miles from 





beet fields near Victorville . 

Creosote V^ush 

Larrea tridentata 





var. glutinosa 

14 adults 

Jan. 30 

Salinas Valley: 





King City, near beet fields .,. 

Hed-stem filaree 

Erodtum eieutarium 

3 adults 

May 27 

King City, foothills . 

Red-stem filaree 

Erodium eieutarium 

3 nymphs 

Nov. 28 

Bitterwater, foothills 

San Joaquin Valley* 

Red-stem filaree 

Erodtum eieutarium 

100 adults 

Oct. 13 

Foothills 13 miles southwest 





of Tracy . 

Red-stem filaree 

Erodium eieutarium 

12 adults 

Dec 10 




IS nymphs 

Dec. 24 




25 adults 

Dec. 24 


growing in the Imperial Valley, where no sugar beets were grown dur¬ 
ing 1918, and each lot, varying in number from 7 to 300 specimens, 
transmitted the curly-top virus to sugar beets. In the Mojave Desert, 
leafhoppers collected on creosote bush {Larrea tridentata var. glutinosa ), 
from 2 to 4 miles away from beet fields near Victorville, were found to 
be infective; the adults were collected on January 30 after the beets had 
been harvested. Nymphs and adults collected on the foothills of the 
Salinas and San Joaquin valleys transmitted the curly-top virus to sugar 
beets. Beets were grown near King City in the Salinas Valley and near 
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Tracy in the San Joaquin Valley, but not near Bitterwater, situated in 
a mountain pass in the Gabilan Mountains. 

In Little and Big Panoche Passes .—^During 1924, the adults of the 
spring generation were captured in many localities on the foothills and 
floor of Little Panoche Pass, situated in the middle San Joaquin Valley. 
In the greenhouse, 50 males and 50 females were confined singly in 100 
cages, each enclosing a healthy beet seedling, and every insect that had 
not transmitted the virus was transferred every two weeks to a healthy 
beet seedling for a period of 16 weeks. The experiment was begun on 
April 10 and ended on August 1. 

Nine males and 8 females, or 17 per cent (table 2), transmitted the 
curly-top virus to sugar beets. Eight males and 7 females infected the 
first beet. One insect infected the second beet but not the first; another 
infected the third but not the first two: in other words, periods of at least 
14 and 28 days, respectively, elapsed before infections occurred. 

In a previous paper (11), it was reported that when infective males 
that had completed the nymphal stages on diseased beets, were provided 
with a healthy beet daily during adult life, there were periods of from 
8 to 56 days in which no infections occurred. The 14- and 28-day periods 
mentioned in the preceding paragraph may correspond to intervals be¬ 
tween infections or may represent long incubation periods of the virus 
in the beet leafhoppers which had fed for short periods on diseased beets 
as reported by Freitag (4). 

During 1026 the percentage of females infective in the overwintering 
generation was compared with that of the adults infective in the spring 
generation. In one te.st, the overwintering females and the adults of the 
spring generation were collected on Eradium cicuiarium in many favor¬ 
able localities in Little Panoche Pass, and in another test the adults of 
both generations were taken abundantly in the corresponding localities 
on a foothill near the entrance of Big Panoche Pass. The results are given 
in table 2. The percentage of infectivity is higher with adults of the 
spring generation than with the overwintering females. The overwinter¬ 
ing adults, however, were collected on March 2, and it has been demon¬ 
strated that leafhoppers near the end of their natural life do not produce 
curly top so often as during early adult life (4,11). The overwintering 
females die during March and early April on the uncultivated plains and 
foothills (1.5). 

During 1929,1930, and 1931, only adults of the spring generation were 
collected and tested, and only in Little Panoche Pass. The results are 
shown in table 2. 

During 1932, the percentages of females infective in the overwinter- 
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TABLE 2 

PERCENTAGE OP INFECTIVE BEET LeAPHOPPERS UNDER NATURAL CONDITIONS 


Year and 
locality 

Food plant 

Date 

Generation 

Number 

Per cent 
of 

infective 






insects 


Uncultivated plains and foothilla, Han Joariuin Valley 


1924 






Little Panoche Pass . .. 

Pasture vegetation 

Apr. 8 

Spring 

100 j 

17 

1920 

Little Panoche Pass 

Erodium cicutarium 

( Mar. 2 

1 Apr. 12 

Overwin teiing 
Spring 

100 

100 

24 

30 

Big Panoche Pass. 

Erodium etcutarium 

i Mar. 2 
\Apr. 13 

Overwintering 

Spring 

100 

100 

22 

56 

1929 

Little Panoche Pass 

1930 

Pasture vegetation 

Apr. 10 

Spring 

100 

16 

Little Panoche Pass ... 
1931 

Erodium cieularium 

Apr. 3 

Spring 

100 

2 

Little Panoche Pass 

Frankenia grandifolxa 

Apr. 8 

Spring 

100 

6 

1032 


( Mar. 4 

Ovei wintering 

100 

25 

Little Panoche Pass . .. 

Erodium cicutarium 

\ Mar. 24 

Spring 

100 

31 



[Apr. 6 

Spring 

100 

42 

Hospital Canyon 

1933 

Erodium cicutarium 

Mar. 30 

Spring 

50 

66 

Little Panoche Pass 

Frankenia grandi/olia 

Apr, 10 

Spring 

100 

16 

TJttle Panoche Pass 

Erodium cicutarium 

Apr. 11 

Spring 

100 

37 

Hospital ('anyon 

Erodium cicutarium 

Apr. 18 

Spring 

100 

53 

Corral Hollow 

Erodium cicutarium 

Apr. 18 

Spring 

100 

46 

Lone Tree Canj'on 

Pasture vegetation 

Apr. 20 

Spring 

( 100 
\ 100 

15 

12 


Uncultivated foothills. Salinas Valley 


1926 

Foothills near San Ardo 


fFeb. 23 

Overwintering 

100 

65 

Erodium cicutarium 

1 Mar. 21 

1 Apr. 20 

Sr>ring, lo'niphs 
Spring, nymphs 

50 

50 

100 

100 



[Apr. 20 

Spring, adults 

100 

88 

1932 

Pine Valley 

Erodium cicutarium 

rMar. 8 
(Apr. 15 

Overwintering 

Spring 

100 

100 

22 

17 

1933 






Hog Canyon.. 

Erodium cicutarium 

Apr. 13 

Spring 

100 


Foothills near Metz . .. 

Erodium cicutarium 

Apr. 13 

Spring 

100 

9 


Cultivated areas. Salinas Valley 


1920 






Gonzales to King City 

Sugar beets 

Feb. 24 

Overivintering 

100 

42 

King City 

Weeds. 

Apr. 20 

Spring 

100 

36 

1932 






King City. 

Sugar beets .. 

Mar. 6 

Overwintering 

25 

40 

Metz. 

Sugar beets. 

Mar. 8 

Overwintering 

100 

11 

King City. 

Sugar beets ... 

Apr. 15 

Spring 

25 

12 


Cultivated areas, San Juan Valley 


1932 






San Juan Valley. 

Sugar beets 

Mar. 6 

Overwintering 

100 

43 
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ing generation was again compared with that of adults infective in the 
spring generation collected in many localities on different dates in Little 
Panoche Pass. The infectivity tests are reported in table 2. Here again, 
a higher percentage of infectivity was obtained with the adults of the 
spring generation than with the overwintering females. The infectivity 
of the adults of the spring generation increased from 31 per cent on 
March 4, to 42 per cent on April 6. 

During 1933, adults of the spring generation were collected on two 
species of food plants in Little Panoche Pass, and tests (table 2) showed 
more than twice as high a percentage infective on Erodium cicutarium 
as on Frankenia grandifolia. F. grandifolia is immune to curly top, and 
leafhoppers would not obtain the virus by feeding on this perennial 
plant, but, as shown later (p. 514), the period of infectivity in the leaf- 
hoppers is probably not affected by the juices from this plant. The period 
of infectivity of the leafhopper is not shortened by feeding infective 
adults on Mammoth or Alameda sweet com (Zea Mays), also immune 
to curly top, and on Australian saltbush, or fleshscale {Atriplez semi- 
baocata ), which is highly resistant or immune to the disease as discussed 
later (p. 511). 

In Canyons of the Northern San Joaquin Yalley .—It has been assumed 
that higher percentages of infective leafhoppers occur in the northern 
canyons than in Little and Big Panoche passes of the San Joaquin Val¬ 
ley, owing to the fact that many overwintering adults reared on curly- 
top beets fly into the northern canyons and spread the virus to susceptible 
plants. The highest percentage of infectivity of the beet leafhopper in 
the San Joaquin Valley was obtained in 1932, when 66 per cent of the 
adults of the spring generation collected in the northern Hospital Can¬ 
yon transmitted the curly-top virus to sugar beets, as compared with 31 
and 42 per cent in Little Panoche Pass. 

In 1933 a comparison was made of the percentages of infective adults 
of the spring generation collected in canyons—Hospital Canyon, Corral 
Hollow, and Lone Tree Canyon—situated in the northern San Joaquin 
Valley. The results are given in table 2. 

During the spring, beet leafhoppers frequently congregate near the 
entrance of mountain passes {16,18) and canyons before the flights into 
the cultivated areas occur. One hundred adults were collected on April 
20,1933, in an area of about 150 square feet of pasture vegetation near 
the entrance of Lone Tree Canyon, of which 12 per cent proved infec¬ 
tive ; and another 100 adults were captured in many localities in the same 
canyon, of which 15 per cent proved infective; the difference is probably 
not significant. 



Sept., 1989] Severin: Cw^n-Iop Infeotinity of the Beet Leaf hopper 603 

If the higher percentages of infective adults of the spring generation 
are associated with the assumption that the overwintering females reared 
on curly-top beets spread the virus to susceptible plants in the northern 
canyons, then it would be difScult to explain the lower percentages of 
infectivity obtained with the adults collected in Lone Tree Canyon, situ¬ 
ated only a few miles away from Hospital Canyon. This discrepancy, 
however, forms a single exception to the general trend and should not be 
given too much emphasis. Beets were grown near Manteca and Union 
Island, situated 10 to 15 miles from the entrances of the three canyons. 

On Foothills of the Salinas Valley —In the Salinas Valley, the favor¬ 
able weeds in which the females deposit their eggs are not abundant, and 
the multiplication of the beet leaf hopper occurs chiefly on beets; hence, 
higher percentages of infective overwintering leafhoppers should occur 
on the foothills of the Salinas Valley than on those of the San Joaquin 
Valley. Migrations of the spring-generation adults occur from the San 
Joaquin Valley to the foothills and cultivated areas of the Salinas Val¬ 
ley, as reported in a previous paper {16). The percentage of infectivity 
of the nymphs is more reliable than that of the adults during the spring 
in the Salinas Valley. 

Dtiring 1925, 2,603 acres of beets had been grown near King City and 
15,689 acres in the Salinas Valley, and a serious outbreak of sugar-beet 
curly top occurred that year. Sugar beets were grown near the base of 
the foothills east of San Ardo and on the Spreekels ranches near King 
City. The leafhoppers were commonly taken on Erodium cicutarium 
growing on the foothills west of San Ardo and near King City. A high 
percentage of infective overwintering adults and nymphs and adults of 
the spring generation occurred on the foothills, as shown in table 2. 

During 1931, 278 acres of beets had been grown in the King City dis¬ 
trict and 1,304 acres in the Salinas Valley. As indicated in table 2, lower 
percentages of infective adults of the overwintering and spring genera¬ 
tions occurred in 1932 in Pine Valley, situated between San Lucas and 
San Ardo. 

During 1932, 1.050 acres of beets had been grown in the vicinity of 
King City and 8,508 acres in the Salinas Valley. The percentages of in¬ 
fective spring-brood adults collected in Hog Canyon near King City and 
on the foothills near Metz are given in table 2. 

In Cultivated Areas .—^After the 1925 outbreak of the beet leafhopper 
{20), overwintering adults were abundant in the beet fields of the Santa 
Clara and Salinas valleys. Planting of sugar beets was temporarily aban¬ 
doned in these valleys during the season of 1925-26, owing to the fact 
that during the 1919 outbreak of the pest over one-half of the early 
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planted beets in the San Joaquin and Salinas valleys were infected with 
curly top by the overwintering females which remained in the cultivated 
areas (10). 

Leafhoppers which remained in the cultivated areas during the winter 
were collected on February 23, 1926, in the beet fields from King City 
to Gonzales in the Salinas Valley, and 42 per cent were found to be in¬ 
fective. The insects probably invaded the beet fields from weeds growing 
in the cultivated areas: a large number of weeds (17) have been demon¬ 
strated to be naturally infected with curly top. A large flight of the 
adults of the spring generation occurred on April 19, and the next day 
100 adults were collected on weeds growing in the cultivated areas near 
King City. Table 2 shows that 36 per cent of the leafhoppers were in¬ 
fective. 

During 1932 the percentages of infective adults of the overwintering 
generation were higher than those of the spring generation in the Salinas 
Valley, as shown in table 2. 

On Pasture Vegetation Oerminating Early and Late .—The percent¬ 
age of infectivity of the beet leafhopper may be associated with the time 
of germination of the seeds of the pasture vegetation by autumn or early- 
winter rainfall. When early-autumn rains germinate the seeds of host 
plants susceptible to curly top on the uncultivated plains and foothUls 
at the time the flights occur from the cultivated areas, the opportunity 
for the spread of the disease is greater than during dry autumns or dry 
early winters, when the overwintering adults are forced to feed on peren¬ 
nial food plants, most of which are nonsusceptible to curly top. As more 
host plants become infected on the uncultivated plains and foothills, non- 
infective leafhoppers may pick up the virus and infective insects may 
become reinfected and thus their infective power may increase. The 
longer the insects are forced to feed on perennial noninfeeted food plants, 
the shorter the period of infectivity of the overwintering adults. It ap¬ 
pears, then, if the infective power of the overwintering adults is reduced 
by feeding on perennial food plants, the spread of the disease to late- 
germinating past\ire vegetation is limited, and hence a low percentage 
of infectivity of the adults of the spring generation should occur under 
natural conditions. 

Many of the ove’^wintering adults reared on curly-top beets in the 
northern San Joaquin Valley probably enter the northern canyons; and 
hence the percentages of infective beet leafhoppers in Little Panoche 
Pass, situated about 80 miles from the nearest beet fields, will be con¬ 
sidered in relation to early and late germination of the seeds of the pas¬ 
ture vegetation. Most of the overwintering adults which fly into little 
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Panoche Pass breed on favorable weeds, such as Russian thistle (Salsola 
kali var. ienuifolia) ^ bractscale {Atriplex hracteosa), and fogweed, or 
silverscale {Atriplex argentca subsp. expansa ). As reported in a pre- 

TABLE 3 

Precipitation for the Autumn and Earuy Winter, 

Firebaugh and Mercy Hot Springs 
(In inches) 




Firebaugh 




Mercy Hot Springs 

Day 

1923 

1925 

1928,* 

1929, 

1930-31t 

1631, 

1932, 


Sep. 

Oct. 

Nov. 

Oct. 

I 

Nov. 

Dec. 

Nov. 

Dec. 

Nov. 

Jan. 

Nov. 

Nov. 

1 













2 






0 36 







3 . 





0 02 


0 05 






4 . 





0.08 








5 




0 03 






0 60 



6 




0 03 






0 04 



7 


0 15 




1 

1 




0 58 



8 






1 







9 



0 06 







1 

0 18 


10 



0 02 

0 03 




0 04 





11 


j 



0 02 



0 07 





12 




0 04 

0 07 



0.03 





13 . . 







1 30 






14 







0 65 




0 84 


15 







0 15 


0 02 


0 07 


16 








0 12 

0 08 

1 



17 









0 02 




18 






0 50 







19 






0 18 


0 02 





20 








0 03 





21 .. 













22 

0 36 





1 




0 38 



23 . 













24 













25 













20 

0 06 








0.11 


0 50 


27 









0.02 

! 



28 










1 



20 . 













30 



0.33 









0.42 

31 













Tt»tal 

0 42 

0 15 

0 41 

0 13 

0 19 

i 

1 13 

2 15 

0 31 

0 25 

1 60 

1.59 

0 42 


* Rainfall for October, trace, 
t Rainfall for December, 0 00. 


vious paper (16), migrations occur from the San Joaquin Valley to the 
foothills of the Salinas Valley, and hence the percentages of infectivity 
of the spring-generation adults in relation to early and late germination 
of the seeds of the pasture vegetation will not be discussed for the Salinas 
Valley. 
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The time of germination of pasture vegetation in Little Panoehe Pam 
is of course i^lated to the occurrence of the first rains. Table 3 shows the 
daily precipitation for the autumn and, in some years, for the early 
winter. No rainfall records are available during the years 1923, 1925, 
1928, and 1929 at Mercy Hot Springs, situated in Little Panoehe Pass, 
and hence the rainfall records at Pirebaugh, situated in the valley fioor 
about 25 miles from Mercy Hot Springs, are given. 

During the first half of the autumn, about % inch of rainfall is suffi¬ 
cient to germinate the seeds of the pasture vegetation; during the last 
half of the autumn and early winter, when temperatures are lower and 
fogs are frequent, % inch of rainfall is considered enough to germinate 
the seeds of the pasture vegetation. An examination of the daily precipi¬ 
tation (table 3) shows that for the years 1923,1925,1928,1931, and 1932 
there was sufficient rainfall for the seeds of the pasture vegetation to ger¬ 
minate during the autumn; and in Little Panoehe Pass a high percentage 
of infective adults of the spring generation occurred (table 2). The rain¬ 
fall records during 1929 and 1930-31 in table 3 show that there was not 
sufficient rainfall for the seeds of the pasture vegetation to germinate 
until winter; and in Little Panoehe Pass the lowest percentages of infec¬ 
tive adults of the spring generation occurred in these years (table 2). 

There is one factor which may prevent the rapid autumnal spread 
of curly top to annual plants on the uncultivated plains and foothills. 
Young plants succumb much more rapidly to the disease than do older, 
deep-rooted plants. If the annual was young and infected with curly top 
by the overwintering female at the time of oviposition, the infected plant 
might die before the egg hatched, especially during the winter in the 
northern part of the San Joaquin Valley, when the egg period may re¬ 
quire from 51 to 55 days (15). This of course diminishes the number of 
infective leafhoppers of the spring generation. 

PEEIOD OP INFECTIVITY DURING ADULT LIFE 

Preitag (4) determined the period of infectivity during the adult life 
of the beet leafhopper, and the results are summarized in table 4. The 
outstanding result obtained with previously noninfeotive leafhoppers 
that fed for short periods on curly-top beets and were then transferred 
daily to healthy beets is the low percentages of infections obtained, as 
compared with those obtained from leafhoppers that fed for longer peri¬ 
ods on diseased beets. Many of the infective leafhoppers apparently lost 
the capacity to produce infections during late adult life; others retained 
their infectivity but infected beets only at great intervals. The insect 
could be reinfected with the virus during late adult life; and it then 
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transmitted the virus as readily as recently molted adults. The evidence 
indicates that the curly-top virus does not multiply in the beet leaf- 
hopper and that the insects are merely internal mechanical carriers of 
the virus. 

On Plants Immune to Curly Top .—^Experiments were conducted to 
determine the ability of infective beet leafhoppers to transmit the curly- 
top virus after they had been transferred from diseased beets to immune 

TABLE 4 

SuMMAET or Besults ON Tkansmission OF Ct;Ri.y-Top Virus bt Single Beet 
liEAFaOPPERS EED FOR VARYING PERIODS ON A DISEASED BEET AND 
Transferred Daily to a Healthy Beet durino Adult Life* 


Period 
on curly-top 
beeta 

Average 

number 

of 

beeta in¬ 
oculated 

Beeta infected 

Average per cent of beets infected during 

Average 

number 

Average 
per cent 


31-60 

days 

61-90 

days 

91-120 

days 

121-150 

days 

151-180 

days 

10, 20. 40, 60. 120, and 










180 minutes. 

90.2 

3.4 

3.4 

7.2 

2 2 

1.3 

1 6 

1.8 

1.0 

H* H. 1,3.7,14.21. 










and 28 days . 

130 7 

15.1 

11.6 

26 5 

15 0 

5 6 

3.9 

0 5 

0.0 


f 132 2 

15 6 

11.8 

31.9 

14 8 

5.2 

1 2 

0 0 

0.8 

Nymphal stages 

\ 138 6 

16 6 

12.0 

28.3 

12 9 

11 4 

1 2 

4 1 

4.1 


[ 160 4 

10.7 

6.7 

18 7 

7.9 

3 3 

1.8 

1.7 

5.7 


• Bummarized from: Freit-ag J. H. Negative evidence on the multiplication of curly-top viius in beet 
leafhopper, JtHutcthx tenellus. Hilgardia 10(9): 303-42. 1936. 


breeding plants. Twenty large Atriplex semibaccata transplanted from 
the field were repeatedly inoculated by large numbers of infective leaf- 
hoppers, but all proved to be immune to curly top. Mammoth or Alameda 
sweet corn {Zea Mays) was also demonstrated to be immune to curly 
top (21). 

Recently molted males which had completed the nymphal stages on 
diseased beets were transferred in lots of 50 to each Atriplex semibaccata 
and to each sweet corn plant. After the leafhoppers were kept on plants 
imm un e to curly top for a period of 30 days, 2 lots of 10 males were trans¬ 
ferred singly to healthy sugar-beet seedlings for 1 day. The same pro¬ 
cedure was repeated at the end of 60 days; but after 90 days, the number 
of insects was so reduced that 2 lots of 10 males were not always available. 
The results are indicated in table 5. 

According to table 5, the average percentages of beets infected during 
successive 30-day periods by leafhoppers kept singly on beets for 1 day 
were as follow's: Atriplex semibaccata 34.7, 14.1, and 6.7; sweet corn 
27.3, 11.3, and 2.4. Corresponding figures obtained by Preitag (4) for 
sweet corn are as follows: 24.5, 6.8, and 3.1. There was a decrease in the 
percentages of beets infected during successive 30-day periods when the 
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insects were transferred singly from immune host plants and kept on 
beets for 1 day, which indicates that many of the infective leafhoppers 
lost the capacity to produce infection. 

A comparison of the average percentages of beets infected during sue- 

TABIrE 5 

Transmission of Curly-Top Virus by Single Infective Male Beet Leafhoppeks 
Kept on Immune Host Plants for Periods of 30, 60, and 90 
Bays and on Healthy Beets for 1 Bay 



Beeta infected of 

10 inoculated 

After 90 days on 
immune plants 

Immune host plant 

After 30 days 
on immune 
plant 

After 60 days 
on immune 
plant 

Beets 

inooulated 

Beets 

infected 

AuHtralian saltbuHh (fleahscale) 





{,Atr%plex afmibaccaia) 





No. 1 

7 

1 

4 

0 

No 2 

4 

0 

4 

0 

No. 3 

1 

1 

4 

0 

No. 4 

3 

2 

2 

0 

No. 5 

3 

3 

1 

1 

No. a 

4 

1 

0 


No. 7 ... 

4 

1 

0 


No. 8 ... 

6 

2 

0 


No. » ... 

5 

0 

0 


No 10 

5 

2 

0 


No. 11 

4 

1 1 

0 


No. 12 

4 

2 

0 


No. 13 

3 

1 

0 


No. 14 

3 

2 



No. 15 

2 

1 

0 { 


No. 10 

1 

2 

0 


No 17 

0 

2 

0 



— 

-- 

— 


Total 

59 

24 

15 

1 

Average per cent . 

34 7 

U i 

! 

6 7 

Alameda or Mammoth sweet cx>rn (Zea Maya) 





No. 1 

4 

2 

8 

0 

No. 2 

3 

0 

1 10 

0 

No. 3 

3 

0 

' » 

0 

No. 4 

3 

1 

3 

0 

No. 5 

3 

! 0 

3 

0 

No. 0 

2 

0 

8 

1 

No. 7. 

5 

2 

0 


No. 8 

5 

1 

0 


No, 9 

4 

2 

0 


No. 10 

2 

0 

0 


No. 11, 

2 

1 

0 


No. 12 

2 

2 

0 


No. 13 

1 

3 

0 


No. 14 

1 

2 

0 


No. 15 

1 

1 

0 


TotaJ 

41 

17 

41 

1 

Average per cent . 

27.3 

ii.S 


M 4 
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cessive 30-day periods as given in table 5, with the average percentages 
of infections during 1—30, 31-60, and 61-90 days obtained with leaf- 
hoppers which completed the nymphal stages on diseased beets as given 
in table 4 indicates that the juices from Atriplex semibaccata and sweet 
com did not affect the period of infectivity of the beet leafhopper and 
probably had no effect on the curly-top virus. 

When leafhoppers which completed the nymphal stages on diseased 
beets were provided with a healthy beet daily during adult life, or when 
infective adults were kept on immune plants, the highest percentages 
of infections were obtained during the first 30 days. The longer the over¬ 
wintering adults are forced to feed on perennials nonsusceptible to curly 
top during dry autumns and dry early winters, the shorter is the period 
remaining for infectivity, and hence the spread of the disease by the 
overwintering adults to susceptible plants on the uncultivated plains and 
foothills would be reduced. 

NATURAL HOST RANGE OP CURLY TOP AND FAVORABLE 

VIRUS RESERVOIRS 

Annuals .—The natural host range of curly top and favorable virus 
reservoirs of the beet leafhopper in the cultivated areas and on the un¬ 
cultivated plains and foothills have appeared in previous reports. Addi¬ 
tional host plants are reported in this paper. Seventy-five species of 
plants in 48 genera belonging to 18 families have been reported in pre¬ 
vious papers {12, 13, 14,17,19, 22) to be naturally infected with curly 
top. The annuals demonstrated to be naturally infected with curly top 
include 11 species of weeds on the uncultivated plains and foothills and 
20 species of weeds or other wild plants in the cultivated areas {17). 
Seventeen species of annual economic plants and 11 species of annual 
ornamental plants were proved to be naturally infected with curly top, 
a total of 59 annuals. 

Lessingia glandnlifera (plate 2. A) and Ilcmizonia virgata, annual 
composits which serve as food plants of the beet leafhopper on the un¬ 
cultivated plains and foothills, have been repeatedly tested but have not 
been found to be naturally infected with curly top. L. glandulif era trans¬ 
planted from the field w^as not experimentally infected with curly top. 

Biennials or Perennials .—After the return flights of the overwinter¬ 
ing beet leafhoppers to the uncultivated plains and foothills during dry 
autumns, large numbers of leafhoppers congregate on perennials, most 
of which are not susceptible to curly top. Three perennials growing on 
the plains and foothills have been found to be naturally infected with 
curly top, but these are of minor importance as food plants of the adults 
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of the overwintering generation. The curly-top virus was rei>eatedly re¬ 
covered from a naturally infected perennial—ballscale {Atnplex fniH^ 
eulosa) (Chenopodiaceae)—during a period of six months, when the 
tests were discontinued. No similar tests were made with the other two 
species of naturally infected perennials —Modiola caroUniana (Malva¬ 
ceae) a.nd Phacelia ramosissima (Hydrophyllaceae). 

The weeds and wild shrubs proved to be naturally infected with curly 
top in cultivated areas include 3 species that may be either annuals or 
biennials and 4 species of perennials. The virus was repeatedly recovered 
from one perennial—Mexican tea (Chenopodium ambrosioides) (Cheno¬ 
podiaceae)—during a period of one year, after which no further tests 
were made. The perennial nightshade (Solanum Douglassii) (Solana- 
ceae) was found to be naturally infected with curly top whenever a 
severe epidemic of the disease occurred; the virus apparently becomes 
more virulent at such a time and highly resistant weeds seem to become 
more susceptible to infection. The virus was recovered from 4 of 17 
seedlings which were repeatedly inoculated by lots of 5 to 50 infective 
males. The virus was recovered from naturally infected perennial water 
smartweed (Polygonium amphibium var. Hartwrightii) and swamp 
smartweed (P. Muhlenbergii) (Polygonaceae), but no other tests were 
made with these weeds. 

Among economic plants, potato {Solanum tuberosum) (Solanaceae), 
a herbaceous plant; Single or Plain parsley {Petroselinum hortense) 
(Umbelliferae), a biennial or short-lived perennial; and Hairy Peruvian 
alfalfa {Medicago sativa) (Leguminosae) and horse-radish {Armorocia 
rusticana) (Cruciferae), two perennials, were demonstrated to be nat¬ 
urally infected with curly top. The virus was rarely recovered from 
naturally infected horse-radish during the summer and not at all during 
the autumn, nor from cuttings grown from naturally infected horse¬ 
radish roots. No exjjeriments have been conducted up to the present time 
to prove potato-tuber transmission of the virus or whether the virus 
could be recovered during the autumn and winter from parsley and 
alfalfa. 

The ornamental flowering plants found to be naturally infected with 
curly top include 1 annual or short-lived perennial and 2 perennials. 
During the spring, the virus was transferred by previously noninfective 
beet leafhoppers from 6 of 7 naturally infected fish geraniums {Pelargo¬ 
nium hortorum) (Geraniaeeae) to sugar beets, but during the autumn 
the virus was recovered from only 2 of the same plants. The perennial 
grass pink {Dianthus plumarius) (Caryophyllaceae) was demonstrated 
to be naturally infected with curly top, but no other tests were made. 
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Perennials Experimentally Infected. —Quailbrush, or lenscale {Atri- 
plez lentiformis) (Chenopodiaceae), frequently grows 10 feet high and 
occurs on alkali flats and river benches. Six of 20 seedlings transplanted 
from the San Joaquin Valley were experimentally infected with curly 
top. In a previous experiment, 8 seedlings were experimentally infected 
with curly top, but one year later the virus was not recovered from the 
same plants. The 8 plants were then reinfected, and the virus was again 
transmitted by previously noninfective beet leafhoppers from only 2 of 
these to sugar beets. 

Australian saltbush, or fleshscale (Atriplex semibaccata) (Chenopo¬ 
diaceae), grown from seeds, showed a high degree of resistance to curly 
top; in fact, most seedlings were immune to the disease. Thirty seedlings 
were repeatedly inoculated with different lots of infective beet leaf- 
hoppers, but 27 of them could not be infected. The virus was not recovered 
a second time from 1 of 3 infected plants 23 days after the first recovery 
of the virus. 

Atriplex semibaccata has not been found to be naturally infected with 
curly top. Some adults collected on A. semibaccata under natural condi¬ 
tions transmitted the curly-top virus to healthy sugar beets. On June 9, 
3933, each of 50 adults of the spring generation captured on A. semi¬ 
baccata growing on the foothills near Metz in the Salinas Valley was 
provided with a healthy beet seedling. It was found that 8 of 50 beets, 
or 16 per cent, developed typical symptoms of curly top. Some of the 
adults undoubtedly obtained the virus from other host plants of curly 
top growing on the foothills and, after the pasture vegetation became 
dry on the foothills, flew to A. semibaccata and retained the infective 
power. 

In the Imperial, Salinas, and San Joaquin valleys, different lots of 
nymphs collected on large Atriplex semibaccata isolated from other 
breeding plants failed to transmit the curly-top virus to healthy sugar 
beets. On July 7, 1933, each of 50 nymphs collected on A. semibaccata 
growing on the foothills near Metz was provided with a healthy beet, 
but not a single case of curly top developed. 

Nymphs bred on Atriplex semibaccata failed to obtain the curly-top 
virus even though infective adults were feeding on the same plants. In 
this experiment, 9 lots of 10 infective females oviposited for a period of 
4 to 7 days in 9 large Australian saltbushes transplanted from the field. 
The females were then removed and played no further part in the 
experiment. Nine lots of 50 infective males which had completed the 
nymphal stages on diseased beets were confined in cages enclosing the 
saltbushes. Two hundred nymphs which hatched from eggs deposited in 
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the saltbushes were titmsferred in lots of 10 nymphs to 20 healthy beets, 
but not a single ease of curly top developed. 

Soap plant (Chenopodium californicum) (Chenopodiaceae) occurs in 
stream beds and on moist slopes of the foothills. The plants experimen¬ 
tally infected with curly top were grown from roots transplanted from 
the foothills of the Salinas Valley. 

Alkali blite (Suaeda moquini) (Chenopodiaceae) grows commonly on 



rig. 1. —Spray equipment used to control the i)eot Icafhopper on c-ittlo spin- 
ach, or allscale (Atriplex pohjearpa) growing in Tunney Gulcb, San Joaquin 
Valley. This shrubby perennial saltbush is one of the most favorable food XJlants 
of the overwintering generation of beet leaflioppor. It is green during dry 
autumns. (Courtesy, E. A. Schwing, Spreckels Sugar Comi)any.) 

alkali soil. The virus was recovered from 9 of 30 plants obtained in the 
San Joaquin Valley, 

Tree tobacco {Nicotiana glauca) (Solanaceae), which was introduced 
from South America and occurs on the plaiiis, in canyons, and in moun¬ 
tain passes of the San Joaquin Valley, was experimentally infected with 
curly top but has not been found to be naturally infected with the 
disease. The virus was recovered by previously noninfective beet leaf- 
from 6 of 10 experimentally infected seedlings and transferred 
to sugar beets. The overwintering leafhopper was rarely taken on N. 
glauca during dry autumns. 

Perennials Nonsusceptible, —Two perennial saltbushes belonging to 
the family Chenopodiaceae serve as important food plants of the beet 
leafhopper during dry autumns. Large numbers of beet leafhoppers 
sometimes congregate on cattle spinach, or allscale (Atriplex poly- 
carpa), a large perennial saltbush growing on the plains (fig. 1) in 
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mountain passes, and in canyons in the middle and southern San Joaquin 
Valley; but this shrub was not experimentally infected with curly top. 
Fifty-three small plants transplanted from the San Joaquin Valley were 
repeatedly inoculated by different lots of infective leafhopper, but the 
virus was not recovered by noninfective insects. In addition, 8 plants 
grown from seeds could not be experimentally infected with the disease. 

Spinescale {Atriplex spinifera) (plate 1, X>), another large perennial 
saltbush widely distributed on the uncultivated plains in the middle and 
southern San Joaquin Valley, also serves as a food plant of the leaf- 
hoppers during dry autumns, but 3 small plants transplanted from the 
field and 8 plants grown from seeds could not be experimentally infected 
with the disease. 

Lcpidospartum squamaUcm (Compositae) (plate2, C) forms dense 
stands in the dry sandy stream beds of the Salmas River and its tribu¬ 
taries and in some of the mountain passes and canyons in the San Joaquin 
Valley. Owing to its wide distribution, it is one of the most important 
food plants of the beet leafhopper during dry autumns. Small plants 
removed from the field were not susceptible to curly top. All attempts to 
germinate the seeds wei'e failures, hence the seedlings w’ere not tested for 
experimental infection. 

Gutierrezia californica (Compo.sitae) (plate 1, A), a shrub from % to 
feet high, occurs on the uncultivated plains and foothills of the San 
Joaqiiin Valley, Overwintering adults are commonly taken on this plant 
before the seeds of the pasture vegetation germinate. Niue plants re¬ 
moved from the field were not susceptible to curly top. 

Overwintei’ing adults were commonly taken on Haplopappus venetus 
subsp. vernonioides (Compositae) (plate 2, E), a shrub from 1 to 2 feet 
high growing on the plains and foothills in the Saji Joaquin Valley. 
Twenty-six jilants removed from the field and 21 jjlants grown fx'om 
seeds wei'e not susc(“ptible to the disease. 

Creek senecio {Scnecio Douglasii) ((kmipositae) (plate 1, R), owing to 
its common occurrence, is a more important food plant of the over¬ 
wintering beet leaf hoppers in the Salinas than in the San Joaquin Val¬ 
ley. It is abundant in the Salinas River and tributaries and also occurs 
in dry stream beds, in canyons, and on the sandy or gravelly plains of 
the San Joaquin Valley. Twelve small plants removed from the field and 
12 plants grown from seeds were not susceptible to curly top. The leaves 
were curled, and dark brown or black droplets of liquid (plate 2, D) 
exuded from the stems and leaves, but noninfective leafhoppers failed 
to recover the virus from the inoculated plants. Nymphs which hatched 
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from eggs deposited in Senedo Douglasn completed their life cycle in 
the greenhouse. 

Alkali heath (FranJcenia grandifolia) (Frankeniaceae) is common on 
the alkali plains and in canyons and mountain passes of the San Joaquin 
Valley and serves as a food plant of the overwintering beet leafhoppers 
during dry autumns. After the pasture vegetation becomes dry in the 
spring, males of the spring generation which do not fly into the cultivated 
areas were commonly taken on this plant. F. grandifolia on which beet 
leafhoppers were captured was not found to be naturally infected with 
curly top. The virus was not recovered by noninfective leafhoppers from 
plants on which repeated lots of infective insects had fed. 

The overwintering beet leafhoppers were also taken on other per¬ 
ennials growing on the uncultivated plains and foothills during dry 
autumns, such as burro fat {Isomeris arhorea) (Capparidaceae), buck¬ 
brush or chaparral (Ceanothus cuneatus) (Rhamnaceae), alkali mallow 
(Sida hcderacea) (Malvaceae), common horehound (Marrubium vul- 
gare) (Labatae), Orindelia camporum (Compositae), Chrysopsis villosa 
(Compositae), arrowweed (Pluchea sericca) (Compositae), and Califor¬ 
nia sagebrush (Artemisia californica) (Compositae), but plants trans¬ 
planted from the San Joaquin Valley were not susceptible to the disease. 
The overwintering adults have been taken on many other perennial spe¬ 
cies during dry autumns, but these have not been tested for natural and 
experimental infection with curly top. 

RECOVERY OF CURLY-TOP VIRUS FROM IMPORTANT 
BREEDING PLANTS OP BEET LEAFHOPPER 

During the past five years, attempts have been made to control the beet 
leafhopper, after the return flights from the cultivated areas to the un¬ 
cultivated plains and foothills have occurred, by spraying perennials 
(fig. 1) on which leafhoppers congregate during dry autumns. The in¬ 
secticide used consists of a mixture of 39 gallons of Diesel oil and 1 
pound of pyrethrum extract. A second method of control of the beet 
leafhopper is by the destruction of the summer breeding plants near the 
foothills before the adults of the overwintering generation acquire the 
winged stage. One of the most important breeding plants, Russian thistle 
(Salsola kali var. tenvifolia), is destroyed by summer hoeing, dragging, 
or disking. The third method consists of burning Russian thistle during 
the autumn before the plants are torn loose and start rolling; this pre¬ 
vents the spread and reduces the seed supply. A more detailed report on 
the methods of control of the beet leafhopper has been published in a 
previous paper (9). 
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Although in the control program it was known that certain weeds are 
important breeding plants and also high populations of beet leafhoppers 
congregate on these weeds during the autumn flights, no information 
was at hand on the recovery of the virus from these infected weeds by 
single insects. Three species of annual saltbushes and Bussian thistle 
serve as important breeding plants of the beet leafhopper in the culti¬ 
vated areas. Braetseale (Atriplex hracteosa) is one of the most important 
breeding plants of the beet leafhopper, and high populations of the leaf- 
hopper of the summer and overwintering generations develop on this 
weed. Although large numbers of leafhoppers of the spring generation 
sometimes congregate on fogweed, or silverscale {Atriplex argentea 
subsp. expansa ), and high populations of the summer generation develop, 
nevertheless this saltbush in most seasons is not as favorable for the de¬ 
velopment of large populations of the overwintering generation as Atri¬ 
plex hracteosa and Russian thistle. Red orache, or redscale (Atriplex 
rosea), is a favorable host plant for the development of the leafhoppers 
of the summer generation but becomes dry too early for the development 
of the insects of the overwintering generation. Russian thistle is the most 
important breeding plant of the leafhopper, and high populations of the 
insects of the summer and overwintering generations occur on this weed. 

Tests W'ere made on recovering the curly-top virus with single pre¬ 
viously noninfeetive males which were kept on the 4 species of infected 
weeds for periods of 2, 4, and 8 days, and also with single adults which 
completed the nymphal stages, requiring from 26 to 36 days in the green¬ 
house (15), on some of the same weeds. The 4 species of weeds were in¬ 
oculated with the curly-top virus by 10 infective males for a period of 3 
weeks or longer, and then the insects were removed from the weeds. 
Noninfeetive males, after feeding on each infected weed for periods of 
2,4, and 8 days, were transferred singly to healthy beet seedlings (table 
6). The method usually adopted to obtain adults reared during the 
nymphal stages on infected weeds was to allow 10 infective females to 
oviposit in each species of weed for a period of only 4 days, so as to avoid 
high populations of nymphs, which drain the plants. To insure infection, 
10 infective males were fed on the same weeds for 3 weeks and then were 
removed from the cages. After the nymphs which hatched from eggs de¬ 
posited in each infected weed acquired the winged stage, each of 10 males 
was provided with a healthy beet (table 7). 

Table 6 shows that single previously noninfeetive males which were 
kept on the 4 species of weeds for periods of 8 days produced higher aver¬ 
age percentages of infections than single adults which fed on the infected 
weeds for 2 days. A comparison of the results obtained in tabl^ 6 and 



TABLE 6 

iNOCfUIiATIONS OF HeAI*THT BeET SEEDLINGS WITH CUELY-TOP VIRUS BY MEANS OF 

SmaiiB Previously Noninfectivb Beet Leafhoppebs Fed on 
Infected Weeds for Periods of 2,4, and 8 Days 


Infected weed on which 
iusecte fed 

Insects on infected 
weeds. 2 days 

Insects on infected 
weeds. 4 days 

Insects on infected 
weeds. 8 days 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Bractscale {AtripUx bracteosa) 










No. 1. , . 

Apr. 

19-21 

8 

Apr. 

19-23 

10 

Apr. 

19-27 

9 

No. 2 

Api. 

19-21 

7 

Apr. 

19-23 

7 

Apr. 

19-27 

7 

No. 3 

Apr. 

19-21 

6 

Apr. 

19-23 

9 

Apr. 

19-27 

10 

No. 4 

Apr. 

19-21 

5 

Apr. 

19-23 

9 

Apr. 

19-27 

7 

No. 5 ... 

Apr. 

19-21 

4 

Apr. 

19-23 

9 

Apr. 

19-27 

7 

No. 6 .. . 

Apr. 

19-21 

3 

Apr. 

19-23 

5 

Apr. 

19-27 

8 

No. 7.. 

May 

7- 9 

0 

May 

7-11 

2 

May 

7-15 

1 

No. 8. . .. 

June 

fi- 7 

9 

June 

5- 9 

8 

June 

5-13 

9 

No. 9 , 

June 

6- 7 

8 

June 

5- 9 

8 

June 

5-13 

8 

No. 10.. . . 

Jxme 

5- 7 

7 

June 

5- 0 

7 

June 

S-13 

9 

No. n ... 

June 

5- 7 

7 

June 

5- 9 

8 

June 

5-13 

6 

No. 12 . 

June 

5- 7 

6 

June 

6- 9 

7 

June 

5-13 

10 

Total 



70 



89 



91 

Average per cent 



58 3 



74 t ' 



75 8 

Fogweed (ailvei scale) (A triplex 










argentea suhsp. expanea) 










No. 1 

Apr. 

19 21 

7 

Api. 

19-23 

10 

Api. 

19-27 

8 

No. 2 . 

Apr. 

19-21 

7 

Apr. 

19-23 

10 1 

Api. 

19-27 

6 

No. 3 

Apr. 

19-21 

7 

Api. 

19-23 

8 

Apr. 

19-27 

9 

No. 4 

Apr. 

19-21 

6 

Apr. 

19-23 

8 

Api. 

19-27 

7 

No. 5 

Apr. 

19-21 

4 

Apr. 

19-23 

9 

Ar>r. 

19-27 

5 

No. 6 

Apr. 

19-21 

2 

.\pr. 

19-23 

7 

Apr. 

19-27 

8 

No. 7 

May 

7- 9 

8 

May 

7-11 

6 

May 

7-15 

8 

No. 8 

May 

7- 9 

5 

May 

7-11 

3 

May 

7-15 

4 

No. 9 .... 

May 

7- 9 

3 

May 

7-11 

2 

May 

7-15 

0 

No. 10. 

May 

7- 9 

3 

May 

7-11 

1 

May 

7-16 

1 

No. 11 . 

May 

7- 9 

2 

May 

7-11 

7 

May 

7-16 

6 

No. 12. ... 

May 

7- 9 

I 

May 

7-11 

2 

May 

7-15 

5 

Total.. 



55 



73 



73 

Average per cent 



45.8 



eo 8 



60 8 

Red ox ache (xedscale) {Atri- 










plex rosea) 










No. 1 . 

.\pr. 

19-21 

9 

Apr. 

19-21 

8 

Apr. 

19-27 

9 

No. 2 . 

Apr. 

19-21 

8 

Apr. 

19-21 

9 

Apr. 

19-27 

9 

No. 3 . 

Api. 

19-21 

8 

Apr. 

19-21 

8 

Apr. 

19-27 

8 

No. 4 

Apr. 

19-21 

6 

Api. 

19-21 

8 

Apr. 

19-27 

9 

No. 6 

Apr. 

19-21 

6 

Apr. 

19-21 

8 

Apr. 

19-27 

8 

No. 6.. 

May 

7- 9 

7 

May 

7-11 

7 

May 

7-15 

7 

No. 7 . 

May 

7- 9 

7 

May 

7-11 

3 

May 

7-16 

0 

No. 8.... . . . 

May 

7- 9 

6 

May 

Ml 

1 

May 

7-15 

3 

No. 9 

May 

7- 9 

4 

May 

7-11 

6 

May 

7-16 

4 

No. 10 . . 

May 

7- 9 

4 

May 

7-11 

4 

May 

7-16 

4 

No. 11. .. . 

May 

7- 9 

3 

May 

7-11 

4 

May 

7-15 

6 

No. 12 . 

June 

5- 7 

3 

June 

5- 9 

4 

June 

5-13 

3 

Total . 



71 



70 



76 

Average per cent . 



59.3 



58.3 



63 8 
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TABLE 6— (Concluded) 



Insects on infected 
weeds, 2 days 

Insects on infected 
weeds, 4 days 

Insects on infected 
weeds, 8 days 

Infected weed on which 
insects fed 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Dates 

fed 

Beets 
infected 
of 10 in¬ 
oculated 

Kussian thistle (Salaola kali 










var, tenui/olia) 

No. 1. 

May 

3- 6 

0 

May 

1 

3- 7 

4 

May 

3-11 

6 

No. 2. 

May 

6- 7 

2 1 

May 

5- 9 

1 

May 

6-13 

8 

No. 3. . . 

May 

7- 9 

1 

May 

7-11 

1 

May 

7-16 

2 

No. 4 . 

June 

5- 7 

7 

June 

5- 9 

6 

June 

6-13 

8 

No. 6 

June 

6- 7 

7 

June 

6- 9 

5 1 

Juno 

6-13 

6 

No. 6 

June 

6- 7 

6 

.lune 

6- 9 

6 

June 

6-13 

6 

No. 7 . 

June 

6- 7 

2 

June 

5- 9 

2 

June 

5-13 

1 

No. 8 . j 

June 

6- 7 

1 

June 

5- 9 

2 

.Tune 

5-13 

9 

No. 9 

June 

5- 7 

0 

June 

5- 9 

4 

June 

6-13 

4 

No. 10 

June 28-30 

0 

June 28- 

1 

June 28- 






July 2 


July 6 

1 

No. n . 

July 

17-19 

7 

July 

17-21 

7 

July 

17-25 

8 

No. 12 

July 

17-19 

5 

July 

17-21 

2 

July 

17-25 

3 

No. 13 

July 

17-19 

2 

July 

17-21 

1 

July 

17-25 

3 

No. 14 

July 

17-19 

1 

July 

17-21 

• 2 

July 

17-25 

1 

No. 16 

July 

17-19 

1 

July 

17-21 

' 1 

July 

17-25 

2 

No. 16 . 

July 

17-19 

1 

July 

71-21 

0 

July 

17-26 

I 6 

No. 17 

July 

17-19 

0 

July 

17-21 

6 

July 

17-25 

2 

No. 18 

July 

17-19 

0 

July 

17-21 

3 

July 

17-26 

3 

Tolal 



43 



61 



75 

Average per cent 



SS 9 



28 5 



41 7 


7 shows that single males whicli completed the nymphal stages on the 
3 species of infected saltbushes produced the highest percentages of 
infections. 

According to table 6, single previously noninfective males were not 
able to recover the virus often from some of the infected weeds, as illus¬ 
trated by AtripJex hraeteosa no. 7, A. argentea subsp. cxpansa no. 10, 
and many Kussian thistles; also when the nymphal stages were completed 
on Russian thistle (table 7). It is evident that some Russian thistles are 
resistant to the curly-top virus, while from some plants the virus can be 
recovered very readily by single adults reared during the nymphal stages 
on them. 

Previously noninfective males recovered the virus from the 3 species 
of saltbushes monthly during the season’s duration of the weeds and 
transferred it to sugar beets. The insects recovered the virus after the 
stems became woody and yellow, wntli the older leaves dry but the 
younger ones still green. 

Russian thistles grown from seeds have been experimentally infected 
with the curly-top virus, and the virus was also recovered from small 
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TABLE 7 

iKocui^TiONS or HEAi;rHY Bbxit Sekdukos with Ccbly-Top Tnus bt Means or 
SiNauB Best LsArHOPPims wbxcb Compustxd the Ntupbaii 
Stages on Inpeoted Weeds 


Infected weed on which 
insects fed 

Dates 
adults 
were 
trans¬ 
ferred 
from 
infected 
weeds 
to beets 

Beets 
infected 
of 10 in¬ 
oculated 

• 

Infected weed on which 
insects fed 

Dates 
adults 
were 
trans¬ 
ferred 
from 
infected 
weeds 
to beets 

Beets 
infected 
of 10 in¬ 
oculated 

Bractsoale {Airiplex bracteoaa) 




Red orache (redsralc) (i4fri- 




No. 13. 

May 

8 

10 

pUx ro«€o)—-Continued 




No. 14... 

May 

8 

8 

No. 20 . 

July 

23 

10 

No. 16 ... 

May 

8 

8 

No. 21 

July 

23 

10 

No. 16.. 

May 

8 

6 

No. 22 

July 

26 

10 

No. 17. . . . . 

May 

8 

6 

No. 23 . 

Sep. 

1 

3 

No. 18... . 

May 

8 

6 

No. 24 ... 

Oct. 

6 

7 

No. 19... 

May 

8 

4 





No. 1... . . 

.Tune 

1 

7 

Total 



80 

No. 2 . 

June 

1 

10 

A verage per cent . . 



06.7 

No. 3. 

June 

1 

9 





No. 4 . .. 

June 

1 

8 

Russian thist lo (Salsola kali 




No. 5. 

June 

1 

10 

var. tenui/olta) 




No. 6. 

June 

1 

8 

No. 19. . . 

May 

8 

7 

No, 20. 

July 

11 

10 

No. 20 . . 

May 

8 

6 

No. 21. 

Sep. 

29 

8 

No. 21 . . . 

May 

8 

3 

No. 22... . 

Oct. 

1 

10 

No. 22 

May 

17 

10 

No. 23. 

Oct. 

4 

8 

No. 23 .... 

May 

17 

6 

No. 24.. .. 

Oct. 

10 

9 

No. 24 . . 

May 

17 

4 




— 

No. 25 

May 

17 

2 

Total . 



143 

No. 26 

May 

17 

2 

Average per cent 



79 4 

No. 27. . 

May 

18 

6 





No. 28 

May 

22 

6 

Fogweed (silverwale) (Atnplex 




No. 29 - . . 

May 

22 

6 

argentena subsp expansa) 




No. 30 . 1 

May 

22 

4 

No. 1 

June 

1 

8 

No. 31 . . i 

Ma>' 

22 

2 

No. 2. 

June 

1 

10 

No. 32 . . j 

May 

22 

2 

No. 3 

June 

1 

7 

No. 33 1 

May 

22 

1 

No. 4 .. 

June 

1 

8 

No. 34 

May 

31 

10 

No. 6. , 

June 

1 

8 

No. 35 . . 

May 

31 

9 

No. 6 . 

t June 

1 

6 

No. 36 . 

May 

31 

7 

No. 13 . . 

! July 

19 

10 

No 37 

May 

31 

1 

No. 14. 

Sep. 

29 

10 

No. 38 . 

May 

31 

1 





No. 39 . 

July 

20 

1 

Total ... 



67 

No. 40.. 

July 

27 

2 

Average per cent 



88.7 

No. 41. 

Aug. 

7 

3 





No. 42. 

Aug. 

7 

3 

Red orache (redscale) {Atri~ 




No. 43 . 

Aug. 

7 1 

2 

plez rosea) 




No. 44 . 

Aug. 

7 

1 

No. 13 . 

May 

8 

7 

No. 45. 

Aug. 

8 

6 

No. 14 , . 

May 

8 

5 

No. 46 ... 

Aug. 

8 

1 

No. 16 . . . 

May 

8 

4 

No. 47 . 

Sep. 

23 

1 

No. 16. 

May 

8 

3 

No. 48. 

Oct. 

6 

6 

No. 17. . . 

May 

« 

2 





No. 18. 

July 

20 

10 

Total 



116 

No. 19. 

July 

21 

9 

Average per cent... . 



38.7 
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naturally infected plants during the 1919 outbreak of the beet leaf- 
hopper. During 1933, attempts were made to experimentally infect with 
the curly-top virus thrifty-growing Russian thistles (plate 3, A) with 
long intemodes and linear leaves (plate 3, B) transplanted from sandy 
soil near Manteca on May 11, and stunted plants with short internodes, 
thick stems, and prickle-tipped leaves (plate 3, O') collected on the plains 
in the middle San Joaquin Valley. Thirteen plants were inoculated with 
the curly-top virus by lots of 10 to 20 infective leafhoppers for periods 
varying from 16 to 42 days. Repeated lots of 20 previously noninfective 
males were fed on the plants for 2 days and then each lot of insects was 
divided among 2 healthy beet seedlings. The virus was recovered from 
5 of 8 thrifty-growing but not from 5 stunted plants. 

The fact that Russian thistles with long internodes are more suscep¬ 
tible to curly top than stunted plants with short internodes is important 
because higher populations of beet leafhoppers usually occur on the for¬ 
mer. In another experiment, a total of 69 Russian thistles were inoculated 
with the curly-top virus by infective leafhoppers during different sea¬ 
sons of the year; the virus was recovered by previously noninfective 
adults from 56 plants, while 13 plants, or 18.8 per cent, were resistant 
or immune. 

Tests were made to determine the percentage of infective nymphs on 
Russian thistles under natural conditions. One hundred nymphs were 
collected on September 7, 1933 on large Russian thistles about 10 miles 
southwest of Modesto in the San Joaquin Valley, and 9 per cent trans¬ 
mitted the curly-top virus to sugar beets. Another test was made with 50 
nymphs collected on the same date on Russian thistles isolated from other 
breeding plants near Nile Garden in the San Joaquin Valley, but not a 
single nymph transmitted the virus to sugar beets. 

Bassia hyssopifolia is a favorable breeding plant of the summer gen¬ 
eration of beet leafhopper. Fifty nymphs were collected on September 6, 
1933, on tall plants near Gustine in the San Joaquin Valley, and each 
was provided with a healthy beet; but not a single case of curly top de¬ 
veloped. Small plants removed from the field were found to be immune 
to curly top: 7 plants were each inoculated by lots of 10 infective males 
for periods varying from 18 to 28 days, but 7 lots of 20 noninfective 
males failed to recover and transfer the virus to 14 sugar beets. Fifty 
males and 80 nymphs bred on 2 plants inoculated by 10 infective females 
for periods varying from 38 to 54 days failed to recover the virus. It is 
evident that leafhoppers bred on plants immune to curly top are non¬ 
infective even though infective females were feeding on the plants dur¬ 
ing the egg and nymphal stages. 
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WEEDS WHICH ATTENUATE THE CURLY-TOP VIRUS 
Carsner and Stahl (5) reported that by passage of the curiy-top virus 
through sowbane, or nettleleaf goosefoot {Chenopodium murale) (plate 
4, A, B,C) the virus was so attenuated that when transmitted to healthy 

TABLE 8 

Innoculations op Healthy Beet Seedlings with Curly-Top Virus by Means op 
Single and Lots op 10 Beet Lbaphoppers Beared on Weeds 
Which Attenuate the Virus 


Infected weeds on winch 
insects fed 


Sowbane (nettleleaf goose- 
foot) {Chenopodium 
murale) 


No. 

1 

No. 

2 

No 

3. 

No. 

4 

No. 

5 

No. 

6 

No. 

7 

No. 

8 

No. 

9 

No. 

10 

No. 

11 

No. 

12 

No. 

13 

No. 

14 


Total or Average 

Lamb’s-fiviarters (white 
pigweed) {Chenopo- 
dtum album) 


No. 

1 

No. 

2 

No. 

3 

No. 

4 

No. 

5 

No. 

6 

No. 

7. 

No. 

8 

No. 

9. 

No. 

10 

No. 

11 


Total or Average 


Dates adults were 
traiisferied from infected 
weeds to lieets 


June 4 
June 30 
Sep.25*. . . 
Aug. 2-3 
Aug. 29“8ep. 1 
Nov. 9-10*. 

Aug. 29-Sep, 1 
Sep.1-5 
Nov. 9-24* 

Sep 25 . 

Sep. 26-Oct. 2 
Oct. 2 . 

Oct. 31-Nov, 13 . 
Nov. 1-16 
Nov. 6-Dec. 3 
Nov. 17-24 
Nov. 17-24 . 


June 4-11 
June 4-11 .. 
Juno 4-11 
J une 4-21 
Julj- 17-24 
Aug. 3 
Sep 5 
Sep 6-20 
Sep. 24 
Sep. 28 
Oct. 31 


Single-insect 

inoculations 


Beets 

Beets infected 

inocu¬ 

lated 

Num¬ 

ber 

Per 

cent 

30 

1 

3 3 

0 

10 

0 

0 0 

10 

3 

30 0 

10 

0 

0 0 

10 

3 

30.0 

10 

1 

10.0 

10 

1 

10 0 

10 

2 

20 0 

10 

1 

10 0 

10 

1 

10 0 

10 

0 

0 0 

10 

1 

10 0 

10 

0 

0 0 

10 

0 

0 0 

10 

0 

0 0 

10 

2 

20 0 

180 

16 

8 9 

10 

2 

20 0 

10 

1 

10 0 

10 

1 

10 0 

10 

1 

10 0 

10 

4 

40 0 

10 

1 

10 0 

10 

4 

40 0 

10 

9 

90 0 

10 

1 

10 0 

10 

1 

10.0 

10 

4 

40 0 

110 

29 

26.4 


Inoculation by lots of 
10 insects 


Beets 

inocu¬ 

lated 

Beets infected 

Num¬ 

ber 

Per 

cent 

0 



2 

0 

0 0 

10 

1 

10 0 

8 

5 

62.5 

1 

1 

100 0 

2 

0 

0 0 

1 

1 

100 0 

1 

1 

100 0 

4 

4 

100 0 

10 

0 

0 0 

10 

0 

0 0 

10 

1 

10 0 

6 

3 i 

50 0 

10 

4 

40 0 

C 

1 

16 7 

1 

1 

100 0 

1 

0 

0 0 

83 

j la' 

27 7 

1 

i 1 

100 0 

i 3 

3 

100 0 

2 

0 

0 0 

1 

1 

100 0 

10 

7 

70.0 

5 

0 

0.0 

1 

1 

100.0 

1 

1 

100.0 

10 

0 

0.0 

10 

1 

10,0 

0 



44 

15 

34.1 
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TABLE 8— (Concluded) 


Infected weeds on which 
insects fed 

Dates adults were 
transferred from infected 
weeds to beets 

Bingle-insect 

inoculations 

Inoculation by lots of 

10 insects 

Beets 

inocu¬ 

lated 

Beets infected 

Beet;S 

inocu¬ 

lated 

Beets infected 

Num¬ 

ber 

Per 

cent 

Num¬ 

ber 

Per 

cent 

Alkali blite (Suaeda 








moqutni) 









/July 9 

0 



4 

1 

25 0 

JNO. 1. .. 

\Sep, 4-Oct. 11* 

10 

0 

0 0 

0 



No. 2 .. 

July 9 . , , 

0 



1 

1 

100 0 


/July 17-23 

10 

2 

20 0 

4 

0 

0 0 

No. 3 

\Oci. 31V . 

5 

0 

0 0 

0 




/Aug. 4 

10 

2 

20 0 

2 

0 

0 0 


\Aug. 9-Sep. 4 

10 

0 

0 0 

2 

0 

0 0 

No. 6 . 

Oct. 23 .. 

10 

0 

0 0 

2 

1 

50 0 

No. 6.. . 

Oct. 23 

10 

3 

30 0 

0 



No. 7 

Oct. 31 . 

10 

2 

20 0 

0 



No. 8 . . 

Nov 2 .. 

10 

I 

10 0 

0 



No. 9. 

Nov. 6 

10 

1 

10 0 

0 



Total or Average 


95 

11 

11.6 

15 

3 

20 0 

('iirly dock (.Rumer 








eriepus) 








No. 1 . 

Aug IS 

10 

0 

0 0 

5 

1 

20 0 

No. 2.. 

Aug. 29-8ep, 5 

10 

0 

0 0 

1 

1 

100 0 


/Aug. 29“Heii. 5 

10 

2 

20 0 

1 

0 

0 0 

IV O. O . 

lOct 1* 

0 



5 

4 

80 0 

Mr. A 

/Aug. 29-Sep. 20 

20 

1 

5 0 

1 

1 

100 0 

rvo. s . 

1 Nov. 14-22* 

10 

0 

0 0 

4 

2 

60 0 

M.., K. 

/Sep. 6-29 

10 

0 

0 0 

1 

0 

0 0 

rvo- 0 

10ct 31-Nov, 28 

10 

0 

0 0 

3 

2 

66 7 


f Sep. 5 

10 

0 

0 0 

1 

1 

100 0 

No. 6 

<!Oct. 31-Nov 3* 

10 

0 

0 0 

1 

0 

0 0 


[Nov. 9-24* 

0 



1 8 

! 1 

12 5 

No. 7 

Oct. 2-5 

10 

3 

30 0 

9 

1 

11 1 

No. 8 

Oct 2-5 , 

10 

2 

20 0 

4 

4 

100 0 

No. 0 

Oct. 5 

10 

1 

10 0 

10 

1 1 

10 0 

No. 10 

Oct, 5 

10 

1 

10 0 

0 



No. 11 . . 

Oct. 5 

10 

0 

0 0 

1 

1 

100 0 

No. 12 

Oct, 5-10 

10 

2 

20 0 

3 

3 

100 0 

No. 13 . . 

Oct 6 

10 

5 

50 0 

3 

2 

66.7 

No. 14 . 

Oct 9 .. 

10 

0 

0 0 

5 

4 

80 0 

No. 15 

Oct. 9 

10 

2 

20 0 

7 

7 

100 0 

No, 16 

Oct, 9 

10 

4 

40 0 

2 

2 

100 0 

No. 17 

Oct. 9 

10 

3 

30 0 

5 

4 

80 0 

No. 18 

Oct. 10 

10 

1 

10 0 

2 

0 

0 0 

Total or Average 


220 

27 

12 3 

82 

42 

51 2 


• Second-brood adult«. 


young sugar beets it either failed to cause the disease or ustially produced 
only mild cases. 

Lackey (7) confirmed the previous work with Chetfopodium murale. 
He reported that 2 leaf hoppers with attenuated virus infected 8 of 22 
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beets inoetilated, or 86 per cent; and 10 leafhoppers with attenuated 
virus infected 21 of 38 beets, or 55 per cent. Lackey (8) also found that 
lamb’s-quarters, or white pigweed (Ckenopodium album), attenuates 
the curly-top virus. 

Carsner (5) found two perennials—alkali blite (Suaeda moquini) 
(plate 1, C) and curly dock (Bumex crisptts) —that are resistant to the 
action of the curly-top virus and attenuate the virus when it is passed 
through them. 

An experiment somewhat similar to the one performed by Lackey was 
conducted to determine the percentage of single adults and lots of 10 
adults that could recover and transfer the virus to beets from the 4 spe¬ 
cies of experimentally infected weeds which attenuate the virus. Twenty- 
five infective female leafhoppers inoculated each weed with the curly- 
top virus and deposited eggs in each plant during a period of 10 days, 
and then the females were removed. Sometimes two broods of adults were 
reared on the same weed, the plant again being exposed to 25 infective 
females. The adults of each brood were transferred singly to 10 beets or 
in lots of 10 adults to 1 beet. The results obtained with weeds which 
attenuate the virus are indicated in table 8, but weeds from which the 
virus was not recovered are omitted. 

A detailed comparison of the average percentages of beets infected 
cannot be made in table 8, since a larger number of beets were used with 
single insects than with lots of 10 insects. A compilation of the data 
shows that single insects tested with 10 beets did not transfer the virus 
so often as 10 adults on 1 beet. 

A few points of interest may be summarized from table 8 as follows: 

Ckenopodium murale no. 2: Adults of the first brood produced no in¬ 
fections, while 10 lots of 10 insects of the second brood infected 1 of 10 
beets. 

Ckenopodium murale no. 3: Single adults infected 3 of 10 beets and 
5 lots of 10 insects infected 5 beets on August 2, but on August 3, 3 lots 
of 10 insects failed to produce infections. 

Ckenopodium murale nos. 7 and 8: Single adults infected 1 of 10 beets, 
but 10 lots of 10 leafhoppers failed to produce infections. 

Ckenopodium murale no. 9: Single adults failed to infect 10 beets 
while 10 lots of 10 insects infected 1 of 10 beets. 

Adults reared on many of the weeds inoculated with the curly-top 
virus failed to recover the virus, which indicates that such weeds were 
highly resistant or immune. The virus was recovered from 14 of 34 Cke¬ 
nopodium murale, 11 of 15 C. album, 9 of 30 Suaeda moquini, and 19 of 
37 Bumex crispus plants. 
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Chenopodium album was not a favorable breeding plant, and usually 
low populations of adults were reared, but on an occasional plant large 
numbers of adults were obtained. On 5 C. album plants, the nymphs 
failed to acquire the winged stage. Suaeda moquini was also an unfavor* 
able weed to rear nymphs; the nymphal stages were prolonged and usu¬ 
ally low populations of adults were obtained. 

SUMMARY 

Higher percentages of infective adults of the spring generation usu¬ 
ally occurred in the northern canyons of the San Joaquin Valley than 
in Little Panoche Pass, situated in the middle San Joaquin Valley about 
80 miles away from the nearest beet fields. In all probability many 
overwintering adults reared on curly-top beets flew into the northern 
canyons and spread the virus to susceptible plants, and hence higher 
percentages of infective adults of the spring generation resulted. 

There appears to be a correlation between the percentages of infective 
beet leafhoppers of the spring generation and early or late germination 
of the seeds of the pasture vegetation by autumn or early-winter rainfall 
in Little Panoche Pass: for example, during five years when there was 
rainfall in November, the infectivily varied from 16 to 42 per cent; dur¬ 
ing two years with December or January rainfall, the infectivity varied 
from 2 to 6 per cent. 

There was a decrease in the percentage of beets infected during suc¬ 
cessive 30-day periods by adults kept on plants immune to curly top and 
transferred singly to beets for 1 day. Many of the infective beet leaf- 
hoppers apparently lost the capacity to produce infection. The evidence 
indicates that the juices from the immune host plants did not affect the 
period of infectivity of the leafhoppers and probably had no effect on 
the curly-top virus. 

With the additions reported in this paper, seventy-five species of plants 
in 48 genera belonging to 18 families, including 59 species of annuals, 
1 annual or short-lived perennial, 3 biennials, 1 biennial or short-lived 
perennial, and 11 perennials, have been demonstrated to be naturally 
infected with curly top. 

Three species of perennials growing on the uncultivated plains and 
foothills were found to be naturally infected with curly top, but 16 
species of perennials which serve as food plants of the beet leafhopper 
during dry autumns and early winters were not susceptible to the dis¬ 
ease. The longer the overwintering adults are forced to feed on peren¬ 
nials nonsusceptible to curly top during dry autumns and early winters 
on the uncultivated plains and foothills, the shorter is the period remain- 
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ing for infectivity; and hence the less the spread of the disease to suscep¬ 
tible annuals after their seeds germinate. 

The virus was repeatedly recovered from ballscale (Atriplex fruticn- 
losa) during a period of six months and from Mexican tea (Chenopodium 
ambrosioides) during a period of one year, after which no further tests 
were made. 

Natural infection of the perennial nightshade (Solanum Douglassii) 
was found during severe epidemics of the disease and may be associated 
with increased virulence of the virus. 

The curly-top virus was recovered from naturally infected fish gera¬ 
nium {Pelargonium hortorum) more often during the spring than dur¬ 
ing the autumn. This may be associated with a higher concentration of 
the virus during the spring. 

Perennial seedlings, such as quailbrush, or lenscale {Atriplex lenti- 
formis) , and Australian saltbush, or fleshscale (A. semibaccata), showed 
a high degree of resistance to the disease. The virus was recovered from 
infected seedlings of A. lentiformis, but one year later the virus \vas not 
recovered from these same plants. When these plants were reinfected, 
the virus was recovered from 2 of 8 plants. Seedlings of A. semibaecata 
were rarely infected with curly top, and large old plants were immune. 
The virus was not recovered from 1 of 3 infected seedlings 2.3 days after 
the first recovery of the virus. 

The recoA'ery of the virus from weeds which serA'e as the most impor¬ 
tant breeding plants of the beet leafhopper obtained with single non- 
infective leafhoppers which fed on the infected weeds for periods of 
2, 4, and 8 days, and with single adults which completed the nymphal 
stages on the infected weeds is given in tables 6 and 7. The most favorable 
virus reservoir was Atriplex bracteosa, followed by A. argentea subsp. 
expanm, then A. rosea and lastly Ru.ssian thistle. The virus was recov¬ 
ered from all infected plants of the 3 species of saltbushes, but 15 of 69, 
or 18.8 per cent, of the Russian thistles were immune. 

The virus was recovered monthly by previou.sly noninf ective beet leaf- 
hoppers from the 3 species of infected saltbushes diirhig the season’s 
duration of the plants and transferred to beets. 

The transmission of the curly-top virus by single and by lots of 10 
adults reared on 4 species of infected weeds which attenuate the virus is 
shown in table 8. Adults reared on the 4 species of weeds inoculated with 
the curly-top virus frequently failed to recover the virus. 
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Plttlol.—.1. Branch of itutierrezm cuUfornicn showing linear h'aves and disk dow'cr*^. This 
perennial shrub occurs on the uncultivated plums and foothills of the Sun Joaquin Valley, and 
overw^intering adults are commonly taken on this plant during dry aiituinns. li, Branch of creek 
senecio (Senecio DnufjJassu) showing narrow lobed leaves and clusters of flowers This perennial, 
owing to its common occurrence, is a more important food jilant of the overwintering adults dur¬ 
ing dry autumns in the Salinas than in the San Joaqnin Valley. (Compare with plate 2, D.) 
C, Branch of alkali lilife (Suaeda maqumi) showing cylindrical leaves The curly-top virus is at¬ 
tenuated by passage through this plant D, Branch of spinescale {AtnpU'X #f/)mi/cr«) showing 
spines bearing sessile leaves This large perennial saltbush is widtdy distributed on the unculti¬ 
vated plains and foothills in the middle and southern San Joaquin Valley and serves us u food 
jilanl of the adults of the overwintering generation during dry autumns 
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Plato 2 — A, Lessingia fflandtihfvra sliowiiiR em-t hranchotl stoni.*i boarinif ovate or linear l(*ave.s and flowers 
This annual servos as a food plant of the overwinteniiK adult.s on the uneultivated plain.s and foothills during 
dry autumns It has not been found to lie naturally infected and was not experinuuitally infected with curly top. 
Ji and O, LepUlospartuw squamatum B, branch .^bowing flowers and scalelike leaves, branch showing bristles 
arising from seeds. J), Branch of creek senecio {Seneno Doufflnsmt) showing curled halves and black droplets 
of liquid exuding from the stem; but noninfectivo loafhoppers failed to recover the virus from the inoculated 
plants. (Compare with plate 1, Ji,) E and F. Hnplopappvft venrtun subsp. vernonioidf's E, branch showing 
serrated, sessile leaves and clusters of flowers, F, branch showing silky pubescAUit arising from seeds. The over¬ 
wintering adults were commonly taken on this ]>erennial shrub growing on the uneultivated plains and foothills 
of the San Joaquin Valley during dry autumns. 
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Plftto 3—}lussinn tliistlo (Salsoln koli var tenuifoU/f) : .1, plants g:ro^\inpr in sandy soil alonj? 
tlio roudsido, Ji, branch fnmi a hirgc plant showing lonjf intcrnodcs ninl linear leaves; (\ branch 
from a stunted plant showing short internodes, thick stems, and prickle tipped leaves Tln' leaf- 
hoppers multiply in enormous numbers on this plant in the interior regions of the state since it 
remains succulent from spring to autumn. 
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Plate 4.—Sowbane, or neltleloaf ifoosefoot (Chrnofjodiuvi muroit'): .1. secomlar\ shoot fioni 
a plant experimentally infected with curly top showing curled apical leaves; it, hraneli and leaf 
from a healthy plant; C, plant experimentally infected with curly top ahoAMiip: secomlary shoots 
with dwarfed leaves. The older leaves were removed from the middle portion of the plant The 
virus is attenuated by passage through this weed and back to sugar beets 
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BREEDING FOR RESISTANCE 
TO ONION DOWNY MILDEW CAUSED BY 
PERONOSPORA DESTRUCTORS 

H. A. JONES,» D. E. POSTER,* Aiii) L. D, LEACH* 

(Results of a ctwiperative inveatij^ation rondocted by the United States Department of AgricuL 
ture Bureau of Plant Industry and the California Agricultural Experiment Station.) 


INTRODUCTION 

The onion downy-mildew fungus, Peronospora destructor (Berk.) 
Casp., is practically world-wide in distribution {2, 5).® It was first de¬ 
scribed in 1841 by Berkeley (i) in England, and reported by Trelease 
{12) from Wisconsin in 1884. Subsequently it has been found in a num¬ 
ber of other states and has frequently assumed epidemic proportions. 

Because adequate control measures have not been developed, the dis¬ 
ease continues to cause losses of varying magnitude. Such losses are 
usually most severe under conditions of moderate temperature and high 
humidity. 

Even though recent work by Yarwood {14, 15) and by McWhorter 
and Pryor (7) indicates the fungicidal efficacy of certain chemical mix¬ 
tures, the more satisfactory means of prevention involves the develop¬ 
ment of disease-resistant varieties. In this paper are presented data 
relative to varietal reaction to mildew, discussion of resistant types 
that have been found, and the present status of the breeding work de¬ 
signed to transmit resistance to varieties of commercial importance. The 
studies were made at Davis, California, and at other experimental tracts, 
as mentioned in the text. 

^ Boceived for publication December 10, 1938. 

“Principal Olericulturist, United States Department of Agriculture Bureau of 
Plant Industry, Division of Fruit and Vegetable Crops and Diseases. 

* Associate Professor of Truck Crops and Associate Olericulturist in the Experi¬ 
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PREVALENCE AND DESTRUCTIVENESS IN 
THE UNITED STATES 

Downy mildew, though sporadic in occurrence, is probably the most 
destructive disease of onions in the United States. It has been abundant 
at times in each of the principal bulb-producing states, with the excep¬ 
tion of Texas, and in each of the seed-producing states with the excep¬ 
tion of Idaho. The disease demanded attention in Massachusetts, New 
York, Michigan, Oregon, and California during the eleven years 
from 1928 to 1938. The work in the states has been generally focused on 
host-parasite relations, on factors contributing to or aiding infection, 
and on fungicidal control. The disease frequently spreads rapidly and 
ruins large acreages, becoming most prevalent under conditions of high 
humidity. 

On the crops grown for green bunching or for bulbs, downy-mildew 
infection may significantly reduce the quality and yield of the crop but 
rarely, if ever, causes complete loss. In New York, Cook (2) reported 
that bulb enlargement is significantly reduced if the plants become in¬ 
fected when small. In early 1938, at Davis, Sacramento, and Milpitas, 
in California, many plants of the extremely susceptible varieties Yellow 
Bermuda and Crystal White Wax were killed by mildew before the bulbs 
were one-fourth grown. Obviously the injury to the bulb crop is due 
primarily to killing of the foliage and consequent reduction in the size 
of the mature bulbs. Although bulbs are occasionally invaded by the 
mycelium, direct injury from bulb infection does not appear to be seri¬ 
ous in America. In crops grown for bulbs or bunching, infected plants 
may survive and produce a fair crop even after a severe attack on the 
foliage. 

In California the disease is particularly serious in the crop grown for 
seed. Total loss of seed fields has been observed. Frequently, satisfactory 
yields are obtained even though the leaves are killed by mildew, but if the 
seedstalks are severely infected the seed yield is reduced. Mother bulbs 
are planted from September to January, according to the variety; and, 
since the seed does not mature until July or August, the foliage is fre¬ 
quently exposed to infection for a period of six months. Normally con¬ 
siderable rainfall, fog, and dew occur from December to April; these 
conditions combined with favorable temperatures provide ideal condi¬ 
tions for infection, sporulation, and spread of the fungus. As a rule, in 
the interior valleys conditions become unfavorable for mildew after this 
time because the humidity decreases and the temperature increases. 
Along the coast, however, conditions may remain favorable for spread 
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of mildew considerably longer. Seedstalks usually appear after Febru¬ 
ary 15, the time varying with the variety and date of planting. Ob¬ 
viously, decreases in seed yield are determined by the time and resulting 
severity of infection. The disease in California, during the last nineteen 
years, has caused losses as high as 60 to 80 per cent (table 1). In some 


TABLE 1 

Estimaitsd TiOssEs Due to Downy Miij>kw Iniection or the Onion Seed Chop in 
Caeitornia prom 1920 to 1938, Inclusive 


Year 

Severity 

Average loss 
in seed crop, 
per cent 

1920 

Moderately severe, localized; maximum loss 30 per cent... 

2 

1021 

Similar to 1920 ...... 

2 

1922 

No report* available ... 

.. 

1923 

No reports available ... 

.. 

1924 

No reports available . 

.. 

1925 

Extremely severe on both seed and bulb crop. 

60-80 

1926 

Severe; losses exceeding 50 rier cent common in central California and 



coastal region. . 

40 

1927 

Moderately severe on se©<l crop in localized areas 

3 

1928 

Widely distributed on seed crop 

5 

1929 I 

Little or none in Ba<*ramento Valley; trace in coastal region 

0 

1930 

Severe in localized areas; maximum loss in any area, 76 per cent 

25 

1931 

Severe and general during March; little spread during April ntul Ma\ but 



moderately severe in local areas during June . . 

10 

1932 

Little infection on seed onions, slight on bulb crop 

1 

1933 

Practically none on seed onions 

0 

1934 

Severe and generally distributed on seed onions 

50 

1935 

Similar to 1934 

50 

1936 

I.<e8s than in 1934 and 1935 

5 

1937 

Of little consecjuenco in seed-producing districts 

2 

1938 

Severe in localized districts 

8 


iSoiirce of data: 

Ohacrvations roiiorted in the Plant Disease Reporter for certain years with corresponding volum e 
and page citations ae follows: 1920, 16-237; 1921, 22:354; 1925, 45:68-69 (supplement); 1926, 64:279; 
1927, 61.261; ami 1928, 68:59. All other observations are by the authors. 


seasons, the disease became epidemic by March but subsequent environ¬ 
mental conditions were such that only relatively slight infection was 
evident on seedstalks. 

SOURCES OF INOCULUM 

Mycelium in Bulbs .—There is abundant evidence that infected onion 
bulbs harbor the mycelium of the organism, as was first demonstrated 
by Murphy and McKay (8). Plants systemically infected with mildew 
have been found in seed fields in California, and these are probably the 
initial sources of inoculum. Additional importance has been given to 
this method of hibernation by Newhall’s observation (10) that infected 
Egyptian or topset onions and potato or multiplier onions serve as im- 
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portant sources of primary downy-mildew inoculum in the important 
onion-bulb sections of New York state. 

Oospores in Leaves and Seedstalks .—Oospores are formed in the tis¬ 
sues of infected plants, but reports in the literature differ as to their 
abundance. Murphy and McKay in an early paper (8) reported that 
oospores rarely occurred in fields under their observation but in a later 
paper (9) stated that oospores are sometimes present in abundance. In 
central California, large numbers have been found in both infected 
leaves and seedstalks during several seasons. McKay (5) reported ger¬ 
mination of oospores five years old and later (8) observed stimulation 
of germination in 0.01 and 0.02 per cent potassium permanganate. 

Infected or Contaminated Seed .—Several investigators have reported 
infection of flower parts of onion by downy mildew, and Cook (3) has 
demonstrated the presence of mycelium within the ovule. He also found 
a few oospores in water used to wash a quantity of commercial seed. 
Stuart and Newhall (11) later reported circumstantial evidence of seed 
transmission, but no conclusive evidence of the commercial importance 
of seed transmission has yet been presented. 

PRACTICAL DIB’PICULTTES IN RELATION TO 
FUNGICIDAL CONTROL 

The fungicidal efficiency of certain chemicals and their toxicity to 
conidia of many species of the Phycomycetes have been well demon¬ 
strated. The literature need not be reviewed here. The problem in con¬ 
nection with onion downy mildew has been to discover chemical mixtures 
which will adhere to the waxy surfaces of the leaves and seedstalks, par¬ 
ticularly during rainy weather. Definite progress has been made in 
securing such mixtures. 

Several factors contribute to the actual inefficiency of these fungi¬ 
cidal materials when applied to the bulb crop of the so-called “inter¬ 
mediate” group of onions. It is the intermediate bulb crop that is most 
frequently attacked by mildew. On the peat lands, especially, the foliage 
growth is very rank and does not dry off readily following fog and dew, 
which provides ideal conditions for infection and sporulation. In Cali¬ 
fornia, this crop is usually seeded in the nursery in late August or early 
September, and the seedlings are transplanted to the field in December 
and January. On the .sedimentary soils, plants are usually set on raised 
beds spaced about 3 fe^t from center to center, with seedlings 3 inches 
apart in the row and two rows to the bed. On peat soils the plants are 
set on level ground and the rows are spaced about 9 to 10 inches apart. 
Development aboveground is relatively slow during January and Feb- 
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ruary but increases thereafter with the rise in temperature. Since 
growth occurs mainly at the center and base of the plant, new portions 
of the younger growing leaves are continually becoming exposed to in¬ 
fection. Thus, it is necessary to make frequent applications in order to 
protect this new growth. This practice, in itself, is almost impossible of 
execution because the soil is frequently too wet to permit machine appli¬ 
cations. Furthermore, while the disease is not epidemic every year, it 
sometimes appears suddenly and spreads rapidly during favorable 
weather. 

DiflSculties are also encountered in spraying the seed crop; frequent 
spraying is necessary to keep the developing seedstalks covered with 
fungicide because these, too, grow at the base and continually expose 
new areas of the stem to infection. Seedstalks, being long and slender, 
can be completely covered with fungicides only with great diflSeulty. 

The late bulb crop which is usually seeded in the field in January is 
seldom injured by mildew because the plants make most of their de¬ 
velopment during the time of year when the air is relatively dry. 

LEAF PRUNING AS A CHECK TO SPREAD OP MILDEW 

In 1934, mildew appeared very early in some of the small onion-breed¬ 
ing increase plots at Davis. In a plot of the variety .strain Stockton 636 
(fig. 1, A) practically all of the leaves were infected by March 21. A few 
of the seedstalks had emerged through the surrounding sheaths. It had 
been observed that where leaf growth was extremely luxuriant, espe¬ 
cially following warm, wet winters, mildew was usually much more 
severe than on sparse foliage; probably this is because the foliage did 
not dry so quickly after a fog, dew, or rain, or because such leaves may 
be more susceptible to injury. 

In an effort to protect the above-mentioned plot as much as possible 
against seedstalk infection, all the leaves were trimmed off and the seed¬ 
stalks left exposed as shown in figure 1. B. The seedstalks continued to 
grow, very little infection occurred, and a good crop of seed was har¬ 
vested (fig. 1, C). While no unpruned plants -were left for comparison, 
the removal of the leaves seemed to have verj' little deleterious effect on 
the normal development of the seed crop. 

RELATIVE SUSCEPTIBILITY OP VARIETIES 

Comparisons of susceptibility were made in 1934 on a number of com¬ 
mercial varieties and foreign introductions planted under overhead 
irrigation. Prom one to eight small plots of each lot of the garlic or 
onion types listed in table 2 were planted in a compact block. On March 



536 




[ Vou 12, No. 9 



Fig. 1.— A, Increase plot of Stockton G36 with luxuriant growth of foliage 
heavily infected with mildew; photographed March 21, 1934. B, The same plot 
with the mildewed leaves removed to expose the young seed stems; photographed 
March 22, 1934. C, The same plot in full bloom. A normal crop of seed was 
harvested, indicating that leaf pruning probably did not reduce vigor. 
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9, and at intervals of a few days thereafter, all plants were sprayed with 
a suspension of downy-mildew conidia. Humid conditions were main¬ 
tained by overhead sprinkling. The first sporulation was observed on 
March 15, and by March 22 infection was abundant and severe on most 
of the plants. Since in this ease the interval (6 days) between inoculation 
and sporulation was considerably less than that reported by other work¬ 
ers (JS, 13) under controlled conditions, it appears likely that part of the 
infection originated from diseased plants previously transplanted into 
the plot or from wind-borne conidia. 

Batings of the severity of infection on leaves and on seedstalks were 
made on April 10. The degree of infection was rated from 0 (no infec¬ 
tion) to 10 (severe infection), and the results are summarized in table 2. 
The leaves of all onion varieties showed infection and only commercial 
Italian Bed, Italian Red 13-20-3, and P.P.I. no. 101113 could be con¬ 
sidered even moderately resistant. A satisfactory rating of infection on 
seedstalks could be obtained on only those varieties that produced well- 
developed seedstalks by April 15, since conditions became unfavorable 
for uniform infection after that time. Among the varieties forming seed 
stems early, Italian Red 13-20-3, Early Grano, White Sweet Spanish, 
and Yellow Strassburg showed the least seedstalk infection; among the 
most susceptible were Crystal White Wax, Yellow Bermuda, Creole, 
White Persian, and all of the foreign plant introductions except num¬ 
bers 101112 and 101113. No infection was observed on garlic. 

In the same year an epidemic occurred early in the season on the 
foliage of the bulb crop of the intermediate varieties such as California 
Early Red. The leaves of these were badly infected with the exception 
of Italian Red 13-53, a selection that had been carried along in the 
breeding plots because of its male sterility. Also the seedstalks of a 
cross between Red 21 and 50-6-1, a strain of Stockton Yellow Flat, 
showed immunity. The foliage and seed stems of all hybrids between 
Allium fistulosum and Allium cepa were extremely susceptible (fig. 2). 

Another severe downy-mildew epidemic occurred in the breeding plot 
at Davis in the early months of 1935. Bulbs of certain varieties of the 
1934 crop, harvested in July, had been planted in September. The foli¬ 
age of most plants was badly infected, resulting in premature death of 
the leaves soon after seedstalk emergence; but the foliage of Italian Red 
13-53 again manifested marked resistance. Complete infection was evi¬ 
dent on the seedstalks of aU varieties and strains except the two Italian 
Red selections, 13-53 and 13-20-3. Even under the most extreme con¬ 
ditions of infection the seedstalks appeared immune—^no lesions were 
found on them. Many inbred lines and hybrids of susceptible varieties 
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were killed. In other progenies the primary seedstalks were killed and 
the secondary stalks were so severely injured that relatively low yields 
of seed were secured. 

TABLE 2 

Relative Severity or Downy Mildew on the Foliage and Seedstalks or Onion 
Varieties and Garlic at Davis in 1934 


Variety or type 

Degree of infection* 

Leaves 

Seedstalks 

Late garlic 

0.0 


Italian Red 13-20-3 . 

6.3 

2 5t 

Italian Retl (commercial) . 

5 0 


Yellow Strassburg . ..... 

8.3 

2 5 

Early Grano ... 

10.0 

2.5 

White Sweet Spanish .. ... .... 

8.3 

3 0 

F. P.1.101113. 

5.0 


F. P. I. 101112. 

8.3 

5 0 

Mountain Danvers 

10 0 

6 0{ 

Southport Yellow Globe. 

7 5 

5 0 

White Portugal... 

8.3 

5 0 

Ohio Yellow Globe . 

h 3 

7.0 

Extra Early Red Flat . 

8 3 

6 2 

Ebonexer. 

8 3 

6 2 

Australian Brown 5-24 . . ... . . 

10 0 

6 2 

Yellow Globe Danvers 

8 3 

7 5 

Southport Red Globe. 

1 8 3 

7 5 

Southport White Globe 

8 3 

7 5 

Red W^ethersfiold 

8 3 

7 6 

Prizetaker .... 

10 0 

7 5 

Early White Barletta 

10 0 

7 5 

White Persian .. . 

7 5 

8 3 

Creole ... . 

10 0 

! 8 3 

Yellow Bermuda .... .... 

10 0 

9 2 

Crystal White Wax ... 

10 0 

10 0 

F. P.1.101171 .... 

10 0 

10 0 

F. P. 1. 101224 

10 0 

10 0 

F. P. 1. 101460 

10 0 

10 0 

F. P. 1. 101461 

10 0 

10 0 

F. P. I. 101409 

10 0 

10 0 

F. P. I. 101515 

10 0 

10 0 


* In the original field data, five degrees of infection wore distinguished ranging from 0 (no infection) 
to 4 (very severe) with plus or minus ratings to identify intermediate groups. To conform to the system of 
rating used to measure mean injury (table 4) the original ratings were converted to a scale ranging from 
0 to 10. 

t Although these seedstalks were not examined microscopiically, later examination of other seedstalks 
of this strain showed that similar mildewlike lesions were free from mildew mycelium, 
t Rating unreliable owing to late formation of seedstalks. 


In 1936 several domestic varieties and foreign introductions of Allium 
cepa were grown at Berkeley. White Persian, a thrips-resistant variety 
recently described by Jones, et al. {3), was found to be particularly sus¬ 
ceptible, many plants being killed by downy mildew before emergence 
of the seedstalks. Relatively severe infection occurred in leaves and seed- 
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stalks of Yellow Bermuda, Nebuka, Red Creole, Lord Howe Island, 
Earliest Express, Giant White Italian Tripoli, Yellow Strassburg, and 
Southport White Globe. Leaf infection was not noted on Italian Red 
13-53. Small mildewlike spots appeared on seedstalks of Italian Red 
13-20-3 and were at first thought to indicate downy-mildew infection. 



Fig. 2.—Severely infected fiecdstalks on F, plants of Nebuka (^Allium fistu- 
losnm X Australian Brown) in the breeding plot at Davis, California, in March, 
1934. 


As indicated later, however, the seedstalks of 33-20-3 were immune 
from infection at Milpitas in 1937 and 1938* when 100 per cent infection 
was noted on many commercial varieties. This apparent discrepancy 
needs explanation. Small mildewlike lesions frequently occur on seed¬ 
stalks of 13-53 and 13-20-3 but sporulation has never been observed 
and microscopic examination of cross sections of such material has never 
revealed either mycelium or haustoria of the mildew fungus. It is pos¬ 
sible that the seedstalk infection charged to 13-20-3 at Berkeley was not 
actually downy mildew. 

“Dr. C. E. Tarwood was responsible for the readings made in Berkeley in 1936. 
He also gave valuable assistance in making the readings at Milpitas in 1937 and 1938. 
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BEBEDING FOR DOWNY-MILDBW RESISTANCE 

Three onion strains resistant to downy mildew have been isolated to date. 
In 1934 the population (M18) of Red 21 X 50-6-1 produced mildew- 
free seedstalks. Since Red 21 is susceptible, the resistance of M18 was 
probably inherited from 50-6-1. The latter strain was an inbred line of 
Stockton Yellow Flat; and, because seed is no longer available, data on 
its response to mildew cannot be secured. 

The two other resistant strains, numbers 13-53 and 13-20-3, are selec¬ 
tions from the variety Italian Red. This variety is of minor importance in 
California and is seldom grown in other states. Seed is planted in late 
August, seedlings are transplanted in late November or December, and 
the plants mature in July in central California. The bulbs are torpedo¬ 
shaped, large, red, and mild-flavored. High yields are the rule. The 
bulbs are poor keepers and for this reason mother bulbs are usually 
planted in the field in September, Seedstalks of this variety are usually 
tall and vigorous, producing relatively heavy yields of seed. 

Italian Bed 13-53 .—The Italian Red population from which strain 
13-53 was selected was grown at Davis in 1924. In August, a consider¬ 
able number of desirable bulbs were selected and planted for self- 
pollination. In April, 1925, the umbels were covered with manila-paper 
bags when the first flowers opened. The bags were tapped frequently to 
facilitate self-pollination. These bagged heads were harvested on Au¬ 
gust 8, and the seed threshed, washed, and dried. From the 5 seed heads 
of plant 53, 136 bulbils were secured, but no seed. This discovery ap¬ 
peared to have no immediate practical importance, but certainly was of 
value in a study of sterility. Accordingly, the bulbils were planted and 
large bulbs were harvested in the summer of 1926. The latter were planted 
in August, 1926, and another crop of bulbils harvested in July, 1927. 
In this manner, 13-53 has been asexually propagated since 1925. Bulbil 
development and type are shown in figures 3 and 4. Interest soon de¬ 
veloped in hybrid onions, and 13-53 served as the female parent in a 
number of crosses (4). 

Monosmith^ found that failure of 13—53 to set seed was due to 
impotent pollen. She found meiosis in the pollen mother cells to be regu¬ 
lar but later certain of the tapetal cells degenerated abnormally, with 
subsequent death of many or all of the microspores. At dehiscence, 
the pollen-sac contents were cemented together, remaining within the 
anther. 

’’ Monosmith, Helen Buth. Male sterility in Allium eepa L. Unpublished thesis on 
file at the University of California Library, Berkeley. 1928. 
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Fig. 3.— A, Mature seed heads of Italian Bed 33-53 with flower parts removed 
to show development of bulbils. Although this strain is male-sterile, hybrid seed 
is readily produced, by using pollen from plants of other varieties. The umbels 
shown in B were bagged with an uml>el of an F, plant of 13-53 X Bed 21. Note 
the excellent set of seed in the dehisced capsules; also the bulbils in the same 
head. 
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The strain is completely male-sterile. During the past twelve years 
the inflorescences of hundreds of plants of 13-53 have been bagged, but 
selfed seed has never been found. Fortunately, however, 13-53 forms 
bulbils, insuring continued asexual propagation. 

This selection appears to be the best parent isolated to date for breed¬ 
ing resistant onions. It has a high degree of foliage resistance in field 
plantings, the amount of injury being negligible even under the most 
severe epidemic conditions. Infection is usually confined to the tips of 
the leaves and then grows slowly toward the base. Growth of the fungus 
in the leaf tissues appears to be exceedingly slow. 

Italian Bed 13-20-3 .—This strain also originated in 1924 as plant 20 
of commercial Italian Red. Selfed seed of plant 20 was planted in Au¬ 
gust, 1925, and plant 3 was selected as a superior bulb in July, 1926. 
Using bulbs of the 13-20-3 line a California seed company increased the 
seed supply of this strain in 1929 to replace their own stock of Italian 
Red. Some of the present Italian Red acreage in California is now 
13-20-3. It is similar in type to 13-53 but not male-sterile. This line is 
well colored and of excellent shape but lacks somewhat in vigor because 
of inbreeding, and the foliage is not as resistant as that of 13-53. 

Since 13-53 and 13-20-3 represent bulbs from the same population 
of Italian Red, it is evident that there existed in this lot of seed the gene 
or genes for resistance to downy mildew. 

Resistance Tests at Milpitas in 1937 .—Because downy-mildew infec¬ 
tion at Davis varied significantly from year to year, and because the 
mildew when it did occur existed in epidemic form only early in the 
season, it was decided to expose the breeding stocks to infection at Mil¬ 
pitas in the Bay Region, where the disease had been epidemic for several 
successive years and where conditions most years are favorable for the 
spread of the disease for a longer time than at Davis. Bulbs were planted 
at Milpitas during September, 1936, and leaf and seedstalk infection 
recorded from February to July, 1937. To hasten infection, the first five 
plants of each strain were artificially inoculated on November 20,1936, 
with a conidial suspension from heavily mildewed greenhouse-grown 
plants. On January 7,1937, only the inoculated plants showed infection, 
and, therefore, the remaining population was inoculated at this time. 
Possibly these artificial inoculations were unnecessary, but because a 
severe test was essential for evaluating resistance an attempt was made 
to induce a severe and uniform epidemic. Mildew defoliation of known 
susceptible types was complete by May 18. 

On March 25, when the mean number of leaves to the plant was ap¬ 
proximately 35, the total number of leaves and of infected leaves was 
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determined for each lot. The mean percentage of infected leaves is pre¬ 
sented in table 3. Between 74 and 84 per cent of the leaves of Red 23, 
Stockton G36, Lord Howe Island, and Red Rocco were infected, as com¬ 
pared with only 2 per cent of those of 13-53. As in preceding observa¬ 
tions, infection of 13-53 was confined to the tips of the leaves, with no 
serious interference of the normal leaf functions. Although 30 per cent 
of all the leaves of 13-20-3 were infected, the injury was not particu¬ 
larly severe. Considerable variation was evident in the amount of leaf 
infection of the various hybrids involving 13-53. M23, an F, of 
13-53 X 13-52-9-6-84, manifested only 16 per cent infection, whereas 
approximately 75 per cent was observed on two F, populations of 13-53 
X Crystal White Wax. Percentage of infected leaves, however, is not a 
particularly good measure of resistance, for it does not give a true pic¬ 
ture of amount of injury. Most of the leaves might be infected and still 
the amount of injury be negligible. 

The seedstalks of each plant were carefully examined on June 18 and 
indexed according to an arbitrary rating from 0 to 10 (table 3). The 
rating of 0 indicated no mildew lesions visible. Microscopic examination 
of many small mildewlike lesions on strain 13-53 failed to detect the 
organism. A rating of 10 indicated the most severe degree of infection, 
usually so weakening the seedstalk that only a very small quantity of 
seed was matured. Damage was of strictly minor importance until the 
stage represented by a rating of 4 was reached. Prom a breeding stand¬ 
point, plants rating 1 or 2 are almost as valuable as those which merit 
rating of 0, and only those plants manifesting stage 4 or higher are con¬ 
sidered as suffering from mildew injury. 

The seedstalks of 13-53, 13-20-3, M22, M23, and M24 were immune. 
Actually, mildew did not cause serious damage to any plants of M16, 
M4, M5, or M17. The nonuniformity of infection of the P, hybrids 
involving 13-53 may be attributed to the fact that neither 13-53 nor 
several of the commercial varieties had been inbred before making the 
respective crosses. The reaction of the various P, hybrids seems to indi¬ 
cate that resistance is inherited as a dominant character and that the 
resistant parent is heterozygous for resistance. 

The varieties, Stockton G36, Red 21, Red Rocco, and Lord Howe 
Island were all badly infected. Among 23 plants of Lord Ilowe Island, 
two remained free of seedstalk infection; but it is thought that these 
are escapes rather than an expression of resistance. Tn most cases the 
populations were too small to get a good frequency distribution of the 
different classes of infection. 
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Figure 5 shows the high degree of resistance of both seed steins and 
foliage of 13-53. Figure 6 shows Crystal White Wax with all leaves 
killed and all seedstalks very severely injured. These two figures show 
better than any system of noting the high degree of resistance of 13-63 
and the extreme susceptibility of Crystal White Wax. 



Fig. 5.—Indicating the immunity to downy mildew of 
seedstalks of Italian Red 13-53 at Milpitas, California, in 
May, 1937. Note also that the leaves are not severely in¬ 
jured* 

Resistance Tests at Milpitas in 1938. —Bulbs for seed production were 
planted at Milpitas in September, 1937, in the same field where mildew 
had been so severe that same spring. Many bulbs used had been pro¬ 
duced at Milpitas and Sacramento in 1937 and possibly some of these 
may have also served as sources of infection from perennial mycelium. 
Weather conditions from December to May were ideal for sporula- 
tion and infection. Accordingly, artificial inoculation was unnecessary. 
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Symptoms were first observed in late December of 1937 and by Janu¬ 
ary 12,1938, diseased plants were well distributed throughout the plot. 

Development of conidia was noted on the foliage on April 6, and these 
entries appear in table 4 with ratings from 0 to 10, inclusive, as used 
in other tables. Very striking is the difference in sporulation between 
Crystal White Wax and the 13-20-3 series as well as that of MB16. 



Fig. 6.—Showing extreme susceptibility to mildew of Crystal 
White Wax at Milpitas, California, in May, 1937. Note tin- dead 
leaves and the badly infected seedstalks. 

Mother bulbs of 13—53 were not available for inclusion in tlic seed 
plot, but .seedlings of 13—53 produced by August-planted bulbils were 
included in the bulb plot at Milpitas. Mildew appeared in this bulb plot 
in early February. On May 10 and again on June 4 the various popula¬ 
tions were rated according to foliage injury. Based on comparative 
ratings from 0 to 10 on 13-53, foliage injury was only 1 and 2 on the 
two dates. Lord IIowe Island gave readings of 9 to 10 and Crystal Wliite 
Wax 10 and 10. Strain 13-20-3, however, was only moderately resistant, 
manifesting stages 4 and 5 injury. Many F^ populations between 
susceptible varieties and 13-53 appeared to be about equally resistant, 
being intermediate between the two parents. 

The final readings on injury to the seedstalks, made on July 5, to¬ 
gether with the other data are presented in table 4, The sixteen varieties 
and inbred lines tested may be arranged as follows in the order of de¬ 
creasing amount of injury; Crystal White Wax, Yellow Bermuda, Yel¬ 
low Globe Danvers, Early Yellow Globe, Lord Howe Island, Southport 


TABLE 4 

Relative Resistance or Onion Varieties, Strains, and Hybrids at Milpitas, in 1938 
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White Globe, Southport Tellow Globe, White Portugal, Red Boeco, 
Early Grauo, Bed 21, Australian Brovm, Sweet Spanifdi, Ebenezer, 
Stockton G36, and Italian Red IS—20-3. Again the 13—20—3 family pro¬ 
duced mildew-immune seedstalks, and microscopic examination failed 
to detect mildew mycelium in the yellowed areas of the seedstalks. Al¬ 
though seedstalks of a few plants of Stockton 636 and other varieties 
were apparently immune, it is more likely that they escaped infection. 
The seedstalks of Australian Brown, Ebenezer, and Sweet Spanish 
emerged much later than those of early and intermediate varieties; 
this may account for the small amount of damage, since even at Mil¬ 
pitas the conditions become increasingly unfavorable for mildew as the 
season advances. 

All bulbs in the various families of the M4 series were white segre¬ 
gates from the Fj populations. If there is linkage between color and 
resistance, then it is possible that all the bulbs selected were susceptible, 
and that the individuals given a rating of 0—and perhaps those of 1 
and 2—^were escapes. 

Bulbs in families M16—2—1 to M16—2—3 were selected at random from 
the Fj population. In families M16-2-4 and M16-2-5, flat bulbs were 
selected. It is almost impossible to classify the present data into well- 
defined resistant and susceptible classes, since it is not known if the spots 
found in the seedstalks of plants in classes 1, 2, and possibly 3, are simi¬ 
lar to those found on 13—53 which proved to be free from the mildew 
fungus. Before the definite mode of inheritance can be determined, the 
seedstalks of borderline plants will probably need to be examined micro¬ 
scopically to determine definitely in what classes they belong. Also, some 
means must be established to determine the number of escapes in the 
apparently immune class. The plants in all of the M16 families were 
extremely prolific, producing many seedstalks per plant and seed heads 
of large size. The high degree of immunity and vigor exhibited in these 
Fg families indicates the early production of an intermediate variety 
with resistant foliage and immune seedstalks. 

The resistance of the six F* families of 13-53 X Red Wether.sfield 
(M28 series) was even more striking than the F, of the M16 series; but 
here again the precautions mentioned above will need to be taken in 
order to determine definitely the mode of inheritance. It is possible that 
family M28—1—2 is homozygous-resistant since the two plants in class 
2 may actually belong to the immunes. The plants were vigorous and 
produced a high seed yield. 

The data for several backcross progenies, indicated as MB strains, are 
included in table 4. These backcrosses were made in order to develop 
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mildew-resistant strains typical of the various varieties. These popula¬ 
tions, backeroBsed to the susceptible parents, had many plants in the 
immune and highly resistant classes with the exception of MB2, the 
backcross to Crystal White Wax. 

The Italian Ked backcross (13-53 X 13-20-3) X 13-20-3 produced 
m ildew-immune seedstalks. This was to be expected, since those of both 
parents were immune. Although the foliage of 13-20-3 is usually se¬ 
verely damaged under epidemic conditions, relatively little injury is 
found on the leaves of 13-53. The degree of sporulation recorded in table 
4 is 0.4 which suggests that this population when isolated would be 
subject to rather light spore inoculation. Probably greater foliage re¬ 
sistance can be incorporated by backcrossing to the 13-53 parent, but 
by doing this poUen sterility will also be increased. Some one of the 
progenies from this cross may be the foundation stock for a highly re¬ 
sistant variety which should be adapted to about the same range of 
conditions as the present Italian Red variety—chiefly those of central 
California. 

SUMMARY 

Adequate control measures are still lacking for onion downy mildew, and 
because the disease frequently appears suddenly in epidemic propor¬ 
tions, heavy losses are often incurred by the bulb and seed grower. 

Actual losses incurred by seed growers in California, vary from 0 to 
80 per cent, with weather conditions the main conditioning factor. Dur¬ 
ing the past nineteen yeai-s, the annual reduction in seed yield has been 
10 per cent or higher during six seasons, with a maximum between 60 
and 80 per cent in 1925, and several annual losses exceeding 40 per cent. 

Certain practical difBcull ies exist in fungicidal control, making espe¬ 
cially desirable the development of resistant varieties. 

Three sources of resistance have been found. The most promising is 
strain 13-53, a male-sterile selection from the Italian Red variety. The 
seedstalks of this strain are immune and the foliage is highly resistant. 

Another strain of Italian Red, designated as 13-20-3, likewise mani¬ 
fests seedstalk immunity but the foliage is only slightly resistant. This 
latter strain, however, is superior to 13-53 in type. 

Seedstalk immunity was also found in the year 1934 in an F, hybrid 
between Red 21 and two inbred lines of Stockton Yellow Flat, namely, 
50-6 and 50-6-1. 

Measured evidence of varietal and hybrid resistance is indicated in 
the tables and discussed in the text. Certain F^ and backcross popula¬ 
tions involving 13-53 as the resi.stant parent are particularly promising. 
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A GENETIC ANALYSIS OF RED SEED-COAT 
COLOR IN PHASEOLUS VULGARIS"” 

FBANCI8 L. SMITH* 

INTRODUCTION 

Sevbbaij varieties of red beans are grown commercially in California. 
The market grades of these beans are determined largely by variations 
of the red color. The red changes to brownish red and brown after a 
year or two of storage. The occurrence of brown beans in these red varie¬ 
ties is considered by the trade to indicate old beans. Some varieties, 
especially Red Kidney, are easily discolored by the sun during the har¬ 
vest so that occasionally newly threshed beans appear to be a year old. 

The present study is a genetic analysis of red seed-coat color in the 
common bean (Phaseohis vulgaris L.) preliminary to a breeding program 
that might result in tlie introduction of factors that would stabilize the 
color of the Red Kidney variety. Commercial conditions are adverse to 
the introduction of varieties with new colors. The breeding problem, 
then, resolves itself into making more fast the red color without alter¬ 
ing it. The ideal may be visualized as a color between the normal red 
and a darker red, and it was hoped that such an intermediate type could 
be developed. Crosses were made between red beans of several varieties. 
This paper reports the results obtained from these experiments. 

REVIEW OF LITERATURE 

The common bean is world-wide in distribution and is represented by 
hundreds of horticultural varieties with scores of seed-coat colors and a 
number of patterns of distribution of color. The species hybridizes 
easily. Therefore there is little wonder that the literature on the genetics 
of this species is voluminous and polylingual. Since diffei’ent workers 
used different varieties and described the colors by various standards 
there is little wonder that the results, too, are variable and often appar¬ 
ently contradictory. There is no standard usage of symbols for the genes 
which have been analyzed; the same symbol has been used to mean a 
number of different characters. Beans were used by a number of the 

* Beceived for pabhcation June 21, 1938. 

' Submitted in partial fulfillment of the requirements for the degree of Doctor of 
Philosophy. 
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early hybridists including Mendel (^5).® No attempt will be made here 
to unravel all the complications and disagreements extant in the litera¬ 
ture. This task was undertaken by Kooiman (7) in his monograph on 
the genetics of the genus Phaseolus. Beference will be made, however, to 
earlier workers on those genes encountered in the present studies. 

White Color. —Tschermak (36-29) was first to report on the white 
character. In crosses between colored and white beans he assumed a 
basic factor necessary for color. Later he (30) proposed the symbol A 
to represent the presence or absence of this factor. Shull (22) used the 
symbol P for yellow or brown pigment and p for white; and Emerson 
(2, 3) used the same symbols to represent presence or absence of pig¬ 
ment. In his monograph, Kooiman (7) used the A ss^mbol to represent 
the presence of the primary color gene; later workers (9, 17) have re¬ 
sorted to the use of P. Since the symbol has priority rights this gene will 
be referred to as P in this paper. The conception of P is that of a funda¬ 
mental color gene which of itself gives no color. Thus two types of white 
beans are possible; p whites lacking the fundamental color factor and 
P whites which lack any complementary color genes. This will explain 
the results of Shaw and Norton (20) who obtained colored F, plants by 
crossing two white varieties. Lamprecht (13) has obtained P white ex¬ 
perimentally. Most white varieties, however, are p white. 

Mottling. —The early workers were greatly concerned with the mot¬ 
tling character. From their results it soon became apparent that there 
were at least two genetic types of mottling—constant and inconstant. 

Some bean varieties are mottled and this is a true breeding character. 
Tschermak (28) showed that mottling was a simple dominant in crosses 
between mottled and self-colored varieties. He considered the mottling 
distinct from the color genes. Shull (22) designated the symbol M for 
mottled beans and m for self-colored. This type of mottling has been 
studied bj’’ a number of workers. Another type of mottling which is 
similar in breeding behavior was reported by Tjebbes and Kooiman 
(25). The striping factor found in Cranberry beans they thought re¬ 
stricted the expression of the red color to stripes. It was given the sym¬ 
bol fif. In a later paper Tjebbes (24) reported strong linkage between 8, 
B, and B, the latter two being genes for seed-coat color. 

Tschermak (58), Emerson (5), Shull (21) and numerous other work¬ 
ers found another type of mottling which was somewhat baffling. Its 
general characteristics may be seen by the breeding behavior of some 
crosses. Self-colored X self-colored gave mottled F^; and F^ ratio was 
1 mottled: 1 self-colored. Self-colored X some white varieties gave mot- 
= Italic numbers in parentheses refer to “Literature Cited” at the end of this paper. 
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tied Fi; and in P* the ratios were 3 mottled: 3 self-colored: 2 white. 
Emerson (J3) called this type of mottling X-mottled in contrast to the 
true-breeding M type. Later he (5) proposed two closely linked genes 
Y and Z as being responsible for both types of mottling. In the mottled 
varieties both genes were present as dominants PYZ. Self-colored races, 
each with one dominant and one recessive, when crossed would give the 
inconstant mottled type. For instance, P yZ (self-colored) 'X.P Yz 

(self-colored) would give a mottled Pj, namely — —. The F, from such 

P F z 

P yZ P Yz 

a cross would segregate into 1 — — (self-colored) : 2-(mottled) • 1 

PyZ PyZ^ 

P Yz 

-(self-colored). The genotype P yz, he thought, carries no mottling 

P Yz 

factors. White beans could carry any combination of mottling factors in 
a latent condition. Since the yZ and Yz were completely linked, the 
breeding behavior is the same as expected for a single heterozygous gene. 
No crossing-over was ever observed between these two hypothetical 
genes, so their existence could not be proved. Kooiman (6) offered a more 
likely theory of inconstant mottling. A bean with a heterozygous color 
gene B is mottled. When homozygous for B the color is darker, and 
when homozygous for h it is lighter. To conserve space homozygous genes 
will here be represented by a single symbol and heterozygous by the 
symbols for the dominant and the recessive allelomorphs. The reaction 
of the B gene can be shown in a single case taken from Kooiman’s mono¬ 
graph (7) : P B C = coffee brown, P Bb C = coffee brovrn mottled, 
PbC — sallow yellow. 

Kristofferson (8) used the symbol K to represent the same thing: 
P K~ black; P Kk = black mottled ; P k — steel gray. This type of 
mottling has been worked out in great detail by Lamprecht {9-12 ). The 
color gene which causes mottling when heterozygous he called C. It also 
acts as a modifier in the presence of other color genes. Its action is illus¬ 
trated in the following zygotic genotypes where mottling is indicated 
by a slant-line fraction, with the darker color as the numerator and the 
lighter color as the denominator : P C J OB — argus brown -PCcJ G 
B — argus brown/buckthorn brown; and P cJ OB = buckthorn brown. 
Likewise, P C J — chamois ; P Cc J ~ chamois/raw-silk yellow; and 
PeJ — raw-silk yellow. And finally, PC — sulfur white; P Pc = sulfur 
white/white; and P c = white. 

In a later paper Lamprecht (14) presented data from a cross between 
Canadian Express and de la Chine. The color of the former was dark 
plum violet to Bordeaux red; the latter was sulfur w'hite, w'hich was 
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shown in previous experiments to be P C j p 6 v. The Pj was weaMy 
mottled, plum violet/chamois. This mottling could not be due to Cc be¬ 
cause P C j is sulfur white and P e j is white. He supposed that the 
heterozygous gene pair R r was the cause of mottling. The color reac¬ 
tions observed in and F# were .PCJR, dark plum violet ',PCJ Rr, 
dark plum violet/chamois \PGJr, chamois ^PC 3 R, light lilac ;PC 3 Rr, 
light lilac/sulfur white; and PCjr, sulfur white. 

Red Color. —Shaw and Norton ( 20 ) first called attention to red color 
inheritance in beans. They recognized two color series, the yellow-black 
and the red caused by anthoeyanins which they represented by M and 
M' respectively. Further red modifiers were postulated; E for purplish 
red as in the variety Mohawk, and D for light red as in Red Valentine. 
The supposition of the M and M' factors seems superfluous in the light of 
more recent work. Tjebbes and Kooimaii (25) used three genes to ac¬ 
count for the color in Cranberry beans, namely, R, Bl, and Z. Their 
interactions were represented as follows: Rr, pale red; R, red; R, Z, 
brownish black; Rr Bl, violet; R bl, purple; Rr Bl Z, bluish gray ;R BIZ, 
black. The color due to r only was not indicated. Tjebbes (24) described 
wine red as R c and Burgundy red as R C. The genes R and 8 (S for 
striping) were linked with about 1 per cent crossing-over. Reference has 
already been made to Lamprecht’s (14) red gene and its phenotypic 
expression. In some of the crosses reported in the present paper there is 
segregation for a gene which is similar to Lamprecht’s (14) R because 
beans heterozygous for this red gene are mottled. Therefore the symbol 
R is used, assuming it is the same gene as Lamprecht’s R. 

Gloyer (5) reported progeny tests from a cross. White Kidney X Red 
Kidney. He made no attempt to analyze the genetics of color, but merely 
presented his data. Since his data support those obtained in this work 
they will be summarized later. The red color of Red Kidney behaved as a 
recessive, the dominant allelomorph being buff. This gene will hereafter 
be designated as Rk. 

Eyed Beam. —Emerson (3) studied the heredity of partial color in 
beans. Self-colored X eyed, gave self-colored in the P,; and in the Pii 
they segregated into 3 self-colored: 1 eyed. White X eyed gave self-col¬ 
ored in the P^, and in the P^ they segregated into 9 self-colored: 3 eyed : 
4 white. He postulated two genes, P, the primary pigmentation factor, 
and T a gene which restricted color to the area about the hilum. The 
interaction was 9 P T, self-colored :S P t, eyed: 4 p, white. In addition, 
he proposed the symbol E for self-colored, and e for eye pattern. Tscher- 
mak (30) used the symbol Z to represent this pair of genes. Surface (23) 
grew progenies from natural hybrids between New Improved Yellow 
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Bye (large-eye pattern) and Old Fashioned Yellow Eye (small-eye pat¬ 
tern). The Fj was piebald, with the color irregularly dispersed over 
most of the seed. In F, he observed 146 piebald: 50 large eye: 70 small 
eye. He thought the low number in the large-eye class was due to linkage 
of the pattern factor and a lethal; but his hypothesis was not proved. If 
the data are fitted to a 2:1:1 ratio by x* goodness of fit test, the prob¬ 
ability value is .12. The secondary assumption therefore seems un¬ 
grounded. The results of Shaw and Norton {20) were explained by 
Emerson’s (5) P T hypothesis. Sax {19) believed the eye pattern was 
due to a double recessive condition for t and e, because white X eyed 
gave an Fj which fitted the ratio of 45 colored : 3 eyed: 16 white better 
than it did a 9:3 :4 ratio. Miyaki, et al., {16) crossed two partially colored 
types, saddle X bald, and in Fj obtained a ratio of 12 bald : 3 saddle: 1 
eyed. Lampreeht {13) found five genes responsible for twenty-two par¬ 
tial color patterns. These genes were independent of four color genes. In 
pattern his partial-colored types varied from a dot on either end of the 
hilum scar to almost complete self color. The dot type was due to the 
recessive condition of the hip (bipunctata) gene; the dominant Bip had 
a “virgarcus” pattern. In the experiments reported in this paper there is 
but one eye pattern which is similar to Lamprecht’s “virgargus” (plate 
1, figs. 34, 35). It will be represented by the symbol E (self-colored) and 
e (eyed) following Emerson’s {3) nomenclature. 

Colored nUum Ring. —According to Lampreeht { 12 ) three color 
genes also color the hilum ring in the presence of the ground factor P. 
These are B, J, and G. Prakken {17) also noted colored hilum rings 
with his genes, S, C, and V (probably' identical to Lamprecht’s B). In 
the studies reported here segregation for hilum ring was found only 
in some crosses involving the variety IMexican Red which has a black 
hilum ring. 

MATERIALS AND METHODS 

The crosses made to provide material for genetic analysis involved va¬ 
rieties of red beans, mottled beans that were predominantly red, white 
beans, and derivatives from the.se crosses. In the hybrids it was soon 
found that some standard of color must be employed to designate the 
different tints and shades. Ridgway'’s {18) Color Standards and Color 
Nomenclature was used. In order to save time in matching, each time a 
new color type appeared it was matched with the color book and a speci¬ 
men sample placed in a Riker mount and labeled with the color name; 
the beans in each progeny were then matched with the type specimens. 
These standards represented modal classes, allowing for slight varia¬ 
tions. The distinguishable colors are more numerous than the pheno- 
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types SO that the grouping of several closely related colors is necessary 
to avoid confusion in studying the actual phenotypes. This becomes ap¬ 
parent in Fg progeny tests made from beans which were classified for 
color in Fg. 

The varieties used in these crosses together with the author’s acces¬ 
sion numbers were: 


Bed Kidney 4370 (plate 1, fig. i) 

Red Kidney 4395 
Geneva Red Kidney 4387 
Nagazura 4390 (plate 1, fig. 2) 
Speckled Kidney 50(51)30 (plate 1, 
fig. 5) 

Long Roman 4521 (plate 1, fig. 3) 

Red Eye 4387 (plate 1, fig. 34) 

White Kidney 4516 (plate 1, fig. 33) 


White Kidney of different genotypes 
derived from P« Bed Kidney X 
White Kidney 

Lark Rod Kidney (65)31 (plate 1, fig. 
4) 

China Bed 4414 (plate 1, fig. 6) 
Mexican Bed 4437 (plate 1, fig. 8) 

Buff (plate 1, fig. 7) derived from true- 
breeding F, extracts of Nagazura X 
Bed Kidney 


RESULTS 

In this discussion of results the colors of mottled beaus are written as a 
fraction as explained in the section “Review of Literature”; this usage 
has already been accepted in the literature as indicating mottling. In 
the tables the zygotic genot 3 'pes are represented as follows: heterozygous 
genes are shown as a fraction, the dominant allelomorph as the numera¬ 
tor and the recessive as the denominator; homozj’gous genes, either dom¬ 
inant or recessive, are represented by a single sj'mbol. This method 
makes it easier for the reader to see which genes are segregating. The x® 
method was used as a measure of goodness of fit. The probability values 
(P) shown in the tables were taken from Fisher’s table for the x® values 
(4). Interpolations of probability were made for x® values which were 
intermediate between any two values given in the table. 

The genetic analysis of the crosses made are discussed in the following 
paragraphs. Each cross is treated separately and where possible the 
genotsrpes of the parents arc indicated by symbols in the topic heading. 


NAGAZUBA X BED KIDNEY 

(Formula: P M Hk bl X P m rk Bl) 

Nagazura is a red/buff mottled bean (plate 1, fig. 2). The P, was pur- 
ple/buff (plate 1, figs. 9,10, 11). It is assumed, therefore, that the Red 
Kidney (plate 1, fig. 1) carries a gene which changes the red in a mot¬ 
tled bean to jmrple. This gene is similar in action tc the Bl described by 
Tjebbes and Kooiman (55) and will therefore be designated by this 
symbol. In the presence of the recessive hi, mottled beans are red-mot¬ 
tled. Since both these varieties are colored, they both carry P. Nagazura 
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carries M, the mottling gene. In the Pg only two self-colored classes were 
obtained, buff (plate 1, fig. 7) and testaceous, like the Red Kidney (plate 
1, fig. 1). Since other red colors will be encountered later, this shade of 
red will be known as testaceous. This gene pair is represented by Itlc 
(buff) rk (testaceous). The Pj should segregate for three genes: M, Rk, 
and Bl. Since the red parent contributed Bl the buff phenotypes may be 
P m Rk Bl or P m Rk hi and the testaceous, P m rk Bl or P m rk hi. In 
other words, the presence of Bl cannot be distinguished in the self-col¬ 
ored segregates. In the mottled beans four classes can be distinguished 
as follows; P M Rk Bl purple/buff, P M rk Bl purple/testaceous, P M 
Rk hi red/buff, and P M rk hi red/testaceous. Thus, the Rk gene can be 
distinguished in both mottled and self-colored beans, m Rk being buff 
self-colored, M Rk mottled on buff background, m rk testaceous self- 
colored, and M rk mottled on testaceous background. The Bl hi pair can 
be distinguished only in the mottled types, M Bl being purple-mottled 
and M hi red-mottled. The expected ratio in Pj should be 27 P M Rk Bl 
purple/buff : 9 P M rk Bl purple/testaceous :9PM Rk hi red/buff: 3 
P M rk hi red/testaceous: 12 P m Rk buff : ^ P m rk testaceous. Pj 
progeny tests were made of a few P, plienotypes. The results of Pj 
and Pj from this cross are presented in table 1. 

If the assumptions in respect to the genotypes are correct, the purple/ 
buff (P M Rk Bl) should segregate for all three, any two, any one, or 
none of the genes M, Rk, Bl. In the progenies tested one segregated for 
M, Rk, Bl; one for M, Bl; one for M Rk; and one for Bl. 

The purple/testaceous (P M rk Bl) should segregate for either one or 
both of the genes M and Bl. No purple/buff, red/buff, or buff segregates 
are expected because all Fj beans of this i>henotype are homozygous for 
rk. Only one progeny test was made. It segregated for If and Bl. The 
red/buff (P M Rk hi) should segregate for only two genes at most, M 
and Rk. No ])urple mottled are expected in any of Ihe progeny because 
they all caiTy hi. One of those tested segregated for M and Rk and an¬ 
other bred true. The buff phenotype (P m Rk) should segregate for Rk 
or breed true. Pour progen}’ tests were made; three segregated for Rk, 
the other bred true. The testaceoiis phenotypes (P m rk) should all 
breed true, and four progeny tests made of this phenotype did so. 

SPEOKXiED KIDNEY X BED KIDNEY 

(Formula : P M Bk J>1 X P m rJc Bl) 

The maternal parent of this cross (plate 1, fig. 5) is red/buff. The F, 
was purple/bnff (plate 1, fig. 9). The P, should segregate 27 P M Rk Bl 
purple/buff: 9 P M rk Bl purple/testaeeous: 9 P M Rk hi red/buff: 3 



TABLE 1 

Nagazuba X Bed Kidney, Cross No. 30.017 
(Formula: P M Sh bl X P tn rJc Bl) 


560 


EUgardia 


[VoL. 12, No. 9 



0 0-0:0.3:1 '3 j . 1 64 10 74 0.02 



Oct., 1888] 


Smith: Swd-Ooai Coior im Fhateolut Fulffaris 


561 


PMrkhl red/testaceous: 12 P m Bh buff i4tPmrk testaceous, as did the 
last cross. Results are shown in table 2. The with 275 plants gave a 
probability value of 0.05 fitted to such a ratio. In P3 the same results 
should be expected as reported in table 1. Five purple/buff F, progenies 
segregated for M, Bk, and Bl; one for M and Bk; three for M and Bl; 
three for Bk and Bl; and three for Bk. The purple/testaeeous had one 
progeny segregating for M and Bl; two for M; and three for Bl. Two 
bred true. Three red/buff segregated for M and Bk, one for Bk, and two 
bred true. Four red/testaceous progenies segregated for M. In one of 
these progenies, there unexpectedly appeared two purple/testaceous 
plants; these were probably due to natural hybridization with a purple- 
mottled bean. Three red/testaceous Fj plants bred true in F.,. Five 
progenies from buff segregated for Bk and six bred true. Eight testa¬ 
ceous progenies bred true as expected. 

BED KIDKET X LONQ ROMAN 

(Formula; F mrkBlXP M Ek U) 

There are two crosses grouped together in table 3. Long Roman (plate 
1, fig. 3) is red/buff. The was purple/buff, so similar results are ex¬ 
pected in these crosses as in the preceding ones. The probability value 
for X* is very small. For this reason the calculated numbers are here 
given for each color group. The major discrepancy is the low number 
of purple/testaceous plants and the high number of red/testaceous. The 
self-colored testaceous class is also low. Is this discrepancy due to some 
disturbing genetic conditions or could it be due to errors in classifica¬ 
tion ? The three segregating genes are M, Bk, and Bl. There were 256 
mottled (M) and 78 self-colored (m). This fits a 3:1 ratio with a proba¬ 
bility value of 0.49. The total number of beans with Bk were 262 and 
with rk, 72. This fits a 3:1 ratio with a probability value of 0.16. Only 
mottled beans show reaction for the Bl gene. There were 168 Bl and 88 
bl. For a 3:1 ratio, 192:64 is expected. The probability value is 0.05. 
Thus it appears that each gene taken separately fits the expected ratios 
fairly well. 

Linkage between M and Bl cannot be measured because Bl is not ap¬ 
parent in self-colored (w) beans. Segregation for M and Bk was: 196 
M Rk, 60 M rk, 66 ni Rk, and 12 m rk. Fitted to a 9:3:3:1 ratio the ex¬ 
pected numbers are 187.87: 62.63: 62.63: 20.87, respectively, with a 
probability value of 0.22, indicating no linkage. Segregation for Bk and 
Bl can be studied only in the mottled beans. The segregation of Rk and 
Bl was: 144 Bk Bl, 52 Bk hi, 24 rk Bl, and 36 rk U. For a 9:3:3:1 ratio 
the calculated numbers for these classes are 144; 48: 48:16. Thus the 
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Speckled Kidney X Red Kidney, Crosses Nos. 30.020 and 30.021 
(Pormula : P M bl X P m rh Bl)* 
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TABLE 3 

Red Kidney X Long Roman, Crosses Nos. 33.048 and 33.052 
(Formula: P m ric Bl X P M Bk hi)* 
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purple/testaceous (rfc Bl) class is too small and the red/testaceous (rk 
hi) class is too large for a good fit. The probability value is very low 
when these data are fitted to such a ratio. Since the Bk gene came from 
one parent, and the Bl from the other, the double recessive class rk hi 
should be low if linkage were the cause of the poor fit. As a matter of fact 
the reason for the poor fit is that this class is too large, which leaves no 
explanation for the discrepancy except a failure to accurately distin¬ 
guish between purple/testaceous and red/testaceous color classes. 

A single Fj purple/buff was tested in Fg. Fitted to the expected ratio 
for three independently segregating genes these data showed no discrep¬ 
ancy as observed in the F 2 , the probability value being 0.60. 

BED ETE X BED KIDNET 

(Formula: P e rh X P P rJc) 

Red Kidney is testaceous self-colored (plate 1, fig. 1) ; Red Eye is a 
white kidney bean with a red eye pattern like Laraprecht’s (13) “vir- 
garcus” (plate 1, figs. 34, 35). 

Now if the red color is genetically the same in both varieties, we should 
expect a monohybrid segregation for eye pattern, c. The F, was testa¬ 
ceous self-colored. The Fj and F., ratios are shown in table 4. The prob¬ 
ability value for F„ data fitted to a 3:1 ratio was 0.33 and for nine 
segregating families in F., it was 0.84. Twelve F, families from testa¬ 
ceous Fj were tested; 9 segregated testaceous eye and 3 bred true. The 
probability value is 0.55 when those data are fitted to the expected 2:1 
ratio. 

The red color in Rod Eye is tlierefore genetically the same as in Red 
Kidney. These varieties differ only in the gene e for eye pattern. As 
pointed out by Lampreoht (13) this type of pattern may in fact be due 
to a dominant Bip (“virgarcus”) gene, the recessive hip (bipunctata) 
not being present. The genotype for Red Kidney then is P F Bip rk and 
for Red Eye P e Bip rk. 

BUFF X BED EYE, AND BECIPBOCAI. 

(Formulas: P E Pie X P e rh and P e rle X P E Pie) 

The buff beans used in these reciprocal crosses were true-breeding F* 
extracts from the cross reported in table 1 and were therefore of the 
genetic constitution P m Bk. If the assumptions are tr\ie for the cross 
reported in table 4, the results can be predicted for these The Fi should 
be buff self-colored and the Fj should segregate into 9 P E Rk buff self- 
colored :3P e Rk buff eye :S P E rk testaceous self-colored :1P erk tes¬ 
taceous eye. The results are shown in table 5. They are in conformity 
with expectations. These results prove that the red (testaceous) found 
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Bed Eys X Bed Kidney, Cross No. 30.018 
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in Bed Kidney is due to the expression of a recessive gene, the dominant 
allelomorph being buff, which is represented by the symbol Bk (buff) 
rk (testaceous). A recessive gene e is responsible for eye pattern demon¬ 
strated first by Emerson (3). Its dominant allelomorph, E makes beans 
self-colored. There is no indication of linkage between Bk and E. 

WHITE KIDKET X SEE XODNEY 

(Formula: p M Bk X P m rk) 

The Pi in this cross was mottled purple/bnff. The white parent there¬ 
fore carried M and Bk and one of the two parents eanded Bl; it is im¬ 
possible to know which, because the Bl reaction is not evident in either 
testaceous or white beans. In Pi there were a number of purple-mottled 
types ranging from bluish to dark red. These colors were not described 
accurately enough in the author’s original notes to enable one to follow 
the segregation of Bl or its modifiers. The genes segregating in this cross 
were P, M, and Bk. The results are shown in table 6 . Since all genotypes 
homozygous for p are white, the M and Bk genes can only be followed in 
three-fourths of the population. The expected ratio for this cross is 27 
P M Bk mottled on buff :9 P M rk mottled on testaceous :9Pm Bk buff: 
2 P mrk testaceous: 16 p white. In an Pg population of 133, a probabil¬ 
ity value of 0.99 was obtained, when fitted to this ratio. In P 3 , five prog¬ 
enies from mottled on buff were segregating for P, M, and Bk. No mot- 
tled-ou-testaceous beans were found in a population of 142 although 
there were 9 self-colored testaceous. The absence of this mottled class 
made a very poor fit for the expected ratio. Perhaps some mottled-on- 
testaceous beans were misclassified. Two Pg mottled-on-buff types segre¬ 
gated for P and M. Three segregated for P and three bred true. 

Only two mottled-on-testaceous Pg plants were submitted to progeny 
tests. Both segregated for P and M. The results here are spurious be¬ 
cause the mottled offspring were all expected to be mottled on testaceous. 
There were none of this class but there were 19 mottled on buff which 
were not expected. This discrepancy may have been due to misclassifica- 
tion of the Pg plant. The buff Pg plants could segregate for P and Bk or 
breed true. Pour were tested in Pg. One segregated for P and Bk; one 
forP; and one for Bk. One testaceous F™ plant and four whites bred true 
in Pg. 

The results of this cross show segregation for P, M, and Bk. In Pg prog¬ 
eny tests, the number of plants mottled on testaceous background (P M 
rk) was usually low. This low number may have been due to misclassifi- 
cation but it is possible that the presence of modifiers altered the segre¬ 
gation otPMrk types. 
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WHITE KIDNET X BEE KIDNEY 

(Formula: P M BJcbl X P mrh Bl) 

This cross is the same as the one just discussed; the colors in the Fj were 
more carefully classified so the segregation of Bl could be followed. 
Table 7 gives a summary of the results. This summary, however, fails to 
show all the variability encountered. Some phenotype classes contain 
several colors. The purple/buff class had 54 dark Yvette violet/pinkish 
buff, 56 Urania blue/pinkish buff, and 108 Ramier blue/pinkish buff, 
making a total of 218 plants. The purple/testaceous class consisting of 
76 plants included 52 analine blaek/testaceous and 24 dark Corinthian 
purple/ocher red. The red/buff class had 69 plants which were divided 
into 19 dark vinaceous-purple/pinkish buff and 50 vinaceous-purple/ 
pinkish buff. The color names indicate that these beans were purple. 
They showed a slight tinge of purple but were predominantly red. The 
other colored classes were more uniform, all the red/testaceous were 
classified as oxblood red/testaceous, all the buff as light pinkish cinna¬ 
mon, all testaceous as testaceous, and white as white. 

There were no Pg progeny tests made in this cross so it is not possible 
to say whether the classification made was absolutely correct. Four inde¬ 
pendent genes were segregated, namely, P, M, Rk, and Bl. 

OLOYEB’S CBOSS, WHITE KIDNET X BED KIDNET 

(Formulas: p C Ek X p r rk and P c rk X p C Rk) 

In 1928, Gloyer (5) reported on a cross between those two varieties. 
Inasmuch as the Rk gene was encountered, his results are given in table 
8 . He made no attempt to classify the genotypes, so this has been done 
from his data. The P, was mottled brown/buff; it might be supposed, 
therefore, that White Kidney contributed M and Rk. In the Fj, however, 
the segregation was 103 mottled: 102 self-colored: 56 white. This is 
much nearer a 6:6:4 ratio than to a 9 :3:4. The mottling, then, was due 
to a heterozygous gene like Lamprecht’s C. The Fj was brown/liuff; and, 
since brown/buff, brown/red, buff, red, and white were obtained in Pj, 
this cross obviously segregated for Rk as well as for P and C. In the Pg 
a number of brown segregates were found—^bronze, brown, dark brown, 
and seal brown. In P., there was no consistency in the way these brown 
beans segregated. Bronze, for instance, segregated into bronze, brown, 
and seal brown, but so did seal brown. For purposes of classification the 
browns may be grouped together. This classification undoubtedly over¬ 
simplifies the situation as will appear later. The browns may be consid¬ 
ered to be homozygous for C. They may be either P C Rk or P C rk. The 
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Analysis op Gloyer^s Cross, White Kidney X Red Kidney and Reciprocal 
(Formulas : pC Blc X P crk and P c rk X p C Ek) 
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buff and red colors are homozygous for e, buff being PoBk and red, P c 
rk. Furthermore, in the mottled beans the brown/buff is P Cc Ek and 
the brown/red P Cc rk. Whites, of course, are homozygous for p. 

Using these assumptions, the F, of this cross should segregate as fol¬ 
lows : 18 P Cc Bk brown/buff : 6 P Cc rk brown/red : 12 P C Bk and 
P C rk brown :9 P cBk buff :3P crk red: 16 p white. The probability 
value, when the Fg data on 261 plants were fitted to this theoretical 
ratio, was 0.03. 

Gloyer presented F.., and F 4 data. In his tables he included plants 
which were obviously different in color from the major part of the popu¬ 
lations. These few cases should be disregarded because they were un¬ 
doubtedly due to natural hybridization in the field. In a total popula¬ 
tion of 1,810 Fa plants, 28 of these off-types were obtained. This would 
be 1.5 per cent natural cross-pollination. F 4 data need not be considered 
here because they were presented in such a way that one cannot judge 
whether the F 4 progenies were from single plants. Some were numeri¬ 
cally so large as to preclude such an assumption. The data on Fa plants 
are also summarized in table 8 . If the assumptions made to explain the F, 
ratios are correct, the F, ratios should fall into certain patterns. The 
mottled types should not breed true but should segregate mottled and 
self-colored in the ratio of 1 : 1 . 

In the brown/buff, segregation for P, C, and Bk is expected. Four 
progenies segregated for these three genes. Four progenies also segre¬ 
gated for P and C. In these cases no red or mottled-on-red beans are 
expected. Four progenies segregated for C and Bk. Here no whites are 
expected. Six progenies segregated for only C, giving 1 brown: 2 brown/ 
buff: 1 buff. The fit to this ratio was not very close, the probability value 
being 0.01. One progeny test of a buff F^ behaved as a brovra/buff segre¬ 
gating for Cc. It was probably misclassified in Fg. 

Fg progenies from the brown/red should have segregated for only P 
and C. No buff or buff-mottled beans are expected in any of the prog¬ 
enies. Six progenies segregated for P and C and three for C only. 

The brown Fg were grouped into two color classes, seal brown and 
bronze. If all browns are classed together the breeding behavior is simi¬ 
lar in both types. According to the assumptions here proposed by the 
present author these browns are of the constitution P C Rk or P C rk. 
They should segregate for the P gene only. As a matter of fact, some 
buffs and reds appeared, in the progeny tests —a result not expected on 
these assumptions because buffs and reds are both homozygous for c. In 
order to segregate these colors the brown beans would have to be P Cc 
Bk rk; but brown beans cannot be heterozygous for C, for these are al- 
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ways mottled. It is likely, therefore, that these assumptions will have to 
be amplified to explain the breeding behavior of the brown segregates. 
Since Gloyer recognized a number of brown colors presiunably due to 
other modifiers this is not fatal to the remainder of the hypothesis. 

The bulE plants may segregate for P and Bk. One segregated for both 
and two for Bk only. In addition, one progeny test was made of a brown/ 
buff P 2 which behaved as a buff in Pg, segregating for Bk. The red (tes¬ 
taceous) plants should segregate for P or breed true. One segregated 
for P and two bred true. The whites, being p white, should all breed true 
and the results of twelve progeny tests agreed with the expectation. 
However, 3 plants with colored beans were found in 491 white P, plants; 
these were undoubtedly due to natural hybridization. 

The assumption of three segregating genes, P, 0, and Bk will explain 
most of the results of this cross. A supplementary hypothesis must be 
made to explain the breeding behavior of some brown beans. This, how¬ 
ever, is beyond the purpose of this review which was made to show that 
the Bk gene has been noted in the literature but the relation between the 
dominant and recessive allelomorphs was not recognized. 

WHITE KIDNEY X NAOAZUBA 

White segregates taken from Pg White Blidney X Red Kidney, were 
used as parents in crosses with Nagazura. The white used as the pistil¬ 
late parent in cross 34.160 was a segregate in an Pg population from a 
buff Pg (table 6). This buff was segregating for P and Bk. These whites 
could be p m PA; or p m rk. The presence of Bl or bl could not be told 
since Bl does not modify the color of buff beans. The white used as the 
pistillate parent in cross 34.161 segregated from a purple/buff Pg plant 
(table 6). This white should hep M Bk Bl since the Pg test showed segre¬ 
gation for P only. These two whites differed in that one carried M, the 
other m. Pg populations of these crosses showed there were actually four 
white genotypes : p mrk Bl, p m Bk Bl, p M rk Bl, and p M Bk Bl. The 
results of these genotypes used in crosses with Nagazura (P M Bk bl) 
are shown in tables 9-11. 

The third type of segregation was hardly expected because in the Pg 
family in which the white parental strain appeared there were no testa¬ 
ceous or testaceous mottled beans, so they were assumed to be Bk. Pos¬ 
sibly the Pg population was not large enough to recover the rk geno¬ 
types. All the whites used were homozygous for Bl. 

In cross 34.160o (formula :pmrk Bl yc. P M Bkbl), four genes should 
segregate. The Pg data fitted to a 81 ;27:27:9:36:12:64 ratio gave a 
probability value of 0.27. The results of P„ and F, are summarized in 



White Kidney X Nagazuba, Ceoss No. 34.160a 
(Formula: p mrh BIX P M Bh hi) 
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• The colors marked with an asterisk are not in conformity with the breeding behavior in the progeny testa; they may be due to error in the color classification in the F». 
t The word "low” is used in those cases where the probability value is less than 0 01. 




TABLE 9— (Continued) 

White Kidney X Nagazura, Cross No. B4.160a 
(Formula: p m rh Bl X F M Sh hi) 
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* The colors marked with an asterisk are not in conformity with the breedmg behavior in the progeny tests, they may be due to error in the color classification is the Ft, 
t The Tiord “low" is used in those cases where the probability value is lees than 0 01 
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table 9. There were a number of colors in Fs which were grouped in the 
following way: purple/buff included raisin black/pinkish buft (plate 1, 
fig. 9); Indian purple/pinkish bizff (plate 1, fig. 10); and dark helio¬ 
trope slate/pinkish buff (plate 1, fig. 11). Purple/testaceous included 
raisin black/testaceous (plate 1, fig. 12) and Indian purple/testaceous 
(plate 1, fig. 13). Red/buff included oxblood red/pinkish buff (plate 1, 
fig. 15), maroon/pinkish buff (plate 1, fig. 14); and deep hellebore red/ 
pinkish buff (plate 1, fig. 16). Red/testaceous included oxblood red/ 
testaceous (plate 1, fig. 22) and maroon/testaceous (plate 1, fig. 17). 
Buff was classed as pinkish cinnamon (plate 1, fig. 7), testaceous as 
testaceous (plate 1, fig. 1) and white as white (plate 1, fig. 33). 

The Fj color descriptions in general were similar to those of F.,. In one 
case madder brown was chosen as the standard color. This was an unfor¬ 
tunate choice because both reddish purple and reds were classed in this 
group. Had colors been chosen a little farther off this borderline descrip¬ 
tion, the F, results would appear more convincing. As it is, some mad¬ 
der-brown mottled beans showed in their breeding behavior to be carry¬ 
ing Bl and others were homozygous for M. Progeny tests also showed 
that P M BJe and P M rk genotypes were not always clearly distijiguish- 
able. Some beans described as mottled on buff bred as mottled on testa¬ 
ceous and vice versa. Fj progeny tests of the purple/buff phenotype 
showed that one F^ plant was segregating for P, M, Bk, and Bl. The poor 
fit is due to the small number of 17 plants, where 256 were needed to re¬ 
cover all genotypes. Four segregated for P, Bk, and Bl. Here a poor fit 
was obtained because fewer red/buff types appeared than were expeeded. 
One segregated for P, M, and Bl; one for P, M, and Bk; two for P and 
Bk; one for P and Bl; one for P and M; five for M, Bk, and Bl; one for 
Bk and Bl; two for M and Bl; two for M and Bk; and one for M. 

Of the purple/testaceous F^ plants subjected to progeny tests, two 
segregated for P, M, and Bl; one for P and Bl; and one for Bl. In the F* 
progenies from red/buff four segregated for P and M; one for P and 
Bk; one for P, three for M and Bk; one for Bk; three for M; and one 
bred true. Four progenies of red/testaeeous segregated for P and M; 
five for P; one for M; and one bred true. 

With some exceptions, probably caused by misjudgment of color of 
Fg plants, these results bear out the assumption that the white parent 
was p m rk Bl. In some cases the size of the population in F* was too 
small for very good agreement with expectancy. 

In the Fj of cross 34.1605 (formula: p m Bk Bly.P M Bk hi), Bk 
was homozygous, so no mottled-on-testaccous or self-colored testaceous 
beans were expected. Three genes were segregating in F^, P, M, and Bl, 
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giving a 27:9:12:16 ratio. The F* results fitted to this ratio gave a prob¬ 
ability value of 0.13. 

The purple/buff Fg plants were slate-purple/pinkish buff and Indian 
purple/light pinkish cinnamon (plate 1, fig. 10). Both gave results in 
conformity with expectation. This phenotype may segregate for P, Jlf, 
and Bl. Two segregated for P, M, and Bl; three for P and M; three for 
P and Bl; two for M and Bl; four for P; two for Bl; two for M; and one 
bred true. The red/buff phenotypes were oxblood red/light pinkish cin¬ 
namon (plate 1, fig. 15) and light red/light pinkish cinnamon. This 
phenotype should segregate for only P and M. Three progenies segre¬ 
gated for P and M; four for M; and five bred true. These results, as 
shown in table 10, are all in conformity with the assumption that the 
white parent was p m Bk Bl. 

In cross 34.161a (formula : P M rk Bl X P M Bkbl), M was homozy¬ 
gous so no self-colored types were expected. The segregating genes were 
P, Bk, and Bl. The Fg results from two progenies of this cross were as 
follows: Purple/buff, 73; purple/testaceous, 12; red/buff, 26; red/ 
testaceous, 8; and white, 26. Fitted to the theoretical ratio of 27:9:9:3: 
16 there should be in a population of 145, 61.2 purple/buff, 20.4 purple/ 
testaceous, 20.4 red/buff, 6.8 red/testaceous, and 36.2 white plants. The 
probability value for such a fit is 0.07. No F., progeny tests were made 
of this cross. 

In cross 34.1616 (formula: p M Bk Bl X P M Bk hi), M and Bk were 
both homozygous; therefore segregation for only P and Bl was expected 
in the hybrid. No self-colored or mottled beans with a testaceous back¬ 
ground were expected. The results of this cross are presented in table 
11 . The Fg results fitted to a 9:3:4 ratio gave a probability value of 0.01, 
owing to the small number of white beans. However, the results from Fg 
fitted the expectations very well. The purple/buff were all slate purple/ 
pinkish buff. Four progenies in Fg segregated for P and Bl; two for P; 
four for Bl; and one bred true. The red/buff which were classified as 
oxblood red/light pinkish cinnamon in F, should have segregated for P 
or bred true because M and Bk were homozygous. Two progenies tested 
in Fg segregated for P and five bred true. 

The experiments with the whites of known genotypes bear out the 
conclusions made in the earlier tests. Mottling is due to the presence of a 
single gene, M; in the presence of its recessive allelomorph m, the beans 
are self-colored. The Bk gene can be distinguished in both mottled and 
self-colored beans. In mottled beans the ground color is buff if Bk is 
present and testaceous if rk is present; in self-colored beans Bk is buff 
and rk is testaceous. Bl may be carried in white, testaceous, and buff 
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TABLE 11 

White Kidney X Xagazura, Cross No, 34.161b 
(Formula; p M Eh Bl X P M Rk hi) 
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beans with no modification in the expression of color. When Bl is added 
to a red-mottled bean the mottling is changed from red to purple. There 
is no indication of linkage between M, Bl, or Bk. 

RED KZDKE7 X CHINA RED, AND REdPROCAL 

(Formulas: PrrJfcEZ XFBBh ll nai P E Bh bl X PrrJeBl) 

Since both of these varieties were colored they were homozygous for P. 
The China Red is a dark-red bean (plate 1 , fig. 6 ) which matches very 
closely Ridgway’s (18) oxblood red or is even a little darker—^Victoria 
lake. The P, plants of these crosses were all mottled. If this mottling 
were due to a heterozygous color gene the ratio of mottled to self-colored 
in Pj should be 1:1; actually it was 134:107. In the Pj segregants eight 
color types were obtained. Among these were the familiar buff and tes¬ 
taceous. This cross then, was segregating for Bk. The presence of Bk ex¬ 
plains the two ground colors, buff and testaceous in the mottled beans. 
The action of Bl can also be seen in the mottled beans, some being purple 
mottled, others red. Two other self-colors were obtained in Pj: purple 
(plate 1, figs. 23, 24) and oxblood red (plate 1, fig. 25). To account for 
these, the assumption was made that China Red has a red gene similar 
to, if not identical with Lamprecht’s {14) B which produces mottling 
when heterozygous; Red Kidney is homozygous for r. Segregation for 
three genes explained the results if the following assumptions for the 
genotypes Avere made: Br Bk Bl is purple,/buff; Rr rk Bl is purple/tes¬ 
taceous ; Br Bk hi is red/buff and Br rk hi is red/testaceous. Purple may 
be R Bk Bl or B rk Blj oxblood red may be B Bk hi or B rk hi; buff may 
be r Bk Bl or r Rk hi; and testaceous, r rk Bl or r rk hi. The expected 
ratio should be 18:6 : 6 :2:12:4:12:4, respectively, for the eight colors. 
These assumptions were tested in progenies from Pj plants. All mottled 
P- beans should segregate mottled and self-colored in the ratio of 1:1. 
The colors would depend on the interaction of Bk and Bl. 

The purple/buff Pj should segregate for B, Bk, and Bl. Since the 
mottling is due to Br, no mottled types should breed true. It is possible, 
however, for some to be homozygous for Bk or Bl. Some Pj progenies 
bred in P, as purple/buff but the colors noted for the Pj plants were not 
purple/buff. These plants are indicated in table 12 by an asterisk fol¬ 
lowing the color which is not in conformity with the breeding behavior. 

Seventeen Pj purple,/buff segregated for B, Bk, and Bl in P 3 ; six 
segregated for B and Bk; three for B and Bl; and four for B. 

Thirteen P* purple/testaceous plants were tested in P 3 ; since rk was 
present in this genotype segregation for only B and Bl was expected. 
Nine segregated for B and Bl and four for B. 



TABLE 12 

Rki> Kidney X China Red (Crosses Nos. 34.007 and 33.051) and Rbciprocai. (Cross No. 34.008) 
(Formulas: P r rk Bl X P E Bh hi and P RBlchlXP r rlc Bl)* 
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* All genotypes in the table are homosygous for P. 

t The colors marked with a dagger are not in conformity with the breeding behavior in the progeny tests; they may be due to eiT<»' in the color classifiei^on in the Fs. 
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• All genotypes in the table are homosygous for P. 

t The colors marked with a dagger are not in conformity with the breeding behavior in the progeny teste; they may be due to error in the color classification in the Fi. 
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Seventeen P* red/btUff were tested in Fa- Some of these had been mis- 
classified as red/testaceous in Pa. Since red/buff is Br Bk hi segregation 
for only B and Bk is possible. Ten progenies segregated for B and Bk, 
and seven for B. 

Seven red/testaceous Pa plants were tested in Pg. This genotype, be¬ 
ing Br rk hi, should segregate for B only, giving IB rk hi ozblood red: 
2 Br rk hi red/testaceous : 1 r rk hi testaceous. The numbers obtained 
were 25:44:24. If the assumptions made were correct, the ptirple P* 
should segregate for Bl only. Thirteen progenies segregated for Bl and 
five bred true. All oxblood red phenotypes should breed true. The thir¬ 
teen tested conformed to expectation. The buff phenotypes should segre¬ 
gate for Bk or breed true. Five segregated for Bk and two bred true. 
Only two testaceous Fa were grown in Pg and they bred true as expected. 

CHINA RED X SED KIDNEY 

(Formula: P B rJcU X P rrh Bl) 

In this cross the Fj was purple/testaceous rather than purple/buff as in 
the crosses reported in table 12. The China Red in this cross must have 
been P B rk hi while in the others it was P B Bk hi. The Pg was in con¬ 
formity with expectations in that no buff or mottled-on-buff beans ap¬ 
peared. The Fg progenies grown from Pg plants were all homozygous for 
rk. Seventeen purple/testaceous Pg plants were tested in Pg. Eight of 
them segregated for R and Bl and nine segregated for B only. Seven 
red/testaceous segregated for B as expected. Five purple F* segregated 
in Pg for Bl and three bred true. One oxblood red bred true as did three 
testaceous. 

The color of China Red, then, is due to the presence of B. This variety 
may carry Bk (table 12) or rk (table 13). In all crosses there was segre¬ 
gation for the purple gene Bl, the dominant allelomorph coming from 
Red Kidney. Only one strain of China Red has been used in the crosses 
but the results found here prove that within the variety there are at 
least two genotypes. Since the presence of Bk does not alter the color of 
the bean, this genetic variation in the variety cannot be detected by 
examination of the beans themselves. 

CHINA BED X GENEVA BED KIDNEY 

The Pg and Pg data from this cross are given in table 14. The Geneva 
Red Kidney is a testaceous segregate from the cross White Kidney X 
Red Kidney made by Gloyer (5). A summary of his results regarding 
color segregation was given in table 8. Owing to its origin, this variety 
may carry brown modifiers, at least c, and probably others which could 



TABLE 13 

China Red X Red Kidney, Cross No. 34.173 
(Formula: P Brh hi X P r rJc Bl)* 
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All genotypes in the table are homozygous for P. 






TABLE 14 

China Bed X Geneva Bed Kidney, Cross No. 34.177 
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very likely give different results from those obtained with other Red 
Kidney beans. 

The Fj of this cross was not mottled so that neither the B nor the C 
genes were segregating. This is rather disconcerting because the pres¬ 
ence of B has been shown to be the reason for the oxblood red color in 
the China Red variety in crosses with other strains of Red Kidney. This 
cross was different in other respects as well. In the Fg population of 82 
plants, nine colors were recognized: Corinthian purple (plate 2, fig. 46); 
liver brown (plate 2, fig. 47); chestnut-brown (plate 2, fig. 48); ma¬ 
hogany red; Hay’s russet (plate 2, fig. 49) deep Corinthian red (plate 
2, fig. 50); oxblood red (plate 2, fig. 51); vinaceous-fawn (plate 2, fig. 
52); and testaceous (plate 2, fig. 53). The occurrence of liver brown and 
Corinthian purple indicates that Bl is segregating; similarly the brown 
segregates indicates the presence of some brown color modifiers. Oxblood 
red was reclaimed only three times in the population, hinting that its 
expression is due to a double recessive condition of two genes; the num¬ 
ber expected for a 15:1 ratio in a population of 82 is 5.1. Only one ox¬ 
blood red was tested in F,. This one did not breed true as expected on the 
above hypothesis. It segregated 1 Hay’s russet and 1 te.staeeous in a 
population of 12. 

The vinaeeous-fawn color was proved to be a variation of testaceous 
because Fj progenies from this color all bred true for testaceous except 
one which had 1 oxblood red and 1 mahogany red plant in a population 
of 20. This could be explained as a natural outcross in the Fj generation. 
The vinaceous-fawn and testaceous colors, then, can be combined in Fg, 
giving a total of 18 plants. This is about one-fourth of the population. 
The number expected on a 3:1 ratio is 20.5; this fits the expected ratio 
with a probability value of 0.53. 

Hay’s russet showed in the Fg tests that it may segregate both oxblood 
red and testaceous colors. It, therefore, carries brown modifiers which 
are able to alter the colors in red beans. 

It is interesting to note that seven of the ten F,, progeny rows tested, 
segregated testaceous. The number of testaceous plants segregated in 
these seven progenies was 33 in a total population of 145. When these 
data are fitted to a 3 :1 ratio the probability value is 0.54. 

DABK BED KIDNEY X BED KIDNEY 

(Formula; P BBk Bl X Frrh hi) 

This cross segregated like the crosses involving China Red. Dark Red 
Kidney is reddish purple classed as Indian purple (plate 1, fig. 4). It 
should therefore carry Bl. Since this cross segregated purple and red 



TABLE 15 

Dark Bed Kidney X Red Kidney, Cross No. 34.167 
(Formula : P E BJc Bl X P r rJc hi) * 
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• All genotypes in the table are homozygous for P. 

t The word "low” is used in those cases where the probability vaUie is less than 0.01. 
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self-colored beans it must be assumed that bl came from Bed Kidney. 
The segregation of £1 is someyrhat surprising because in all other crosses 
involving Bed Kidney Bl is present. The results of this cross are sum¬ 
marised in table 15. In Pg purple/buff was described as raisin Idack/ 
avellaneous and in F, as raisin black/light pinkish cinnamon (plate 1, 
fig. 26). The purple/testaceous class was described as raisin black/Corin¬ 
thian red in F, and as Indian purple/testaceous in Pg (plate 1, fig. 13). 
The red/bufE phenotype was divided into Bordeaux/light pinkish cinna¬ 
mon and ozblood red/light pinkish cinnamon; in F, they were all de¬ 
scribed as oxblood red/light pinkish cinnamon (plate 1, fig. 21). No 
red/testaceous beans were recognized in the Pg; in P,, they were labded 
ozblood red/testaceous (plate 1, fig. 27). The purple phenotype included 
raisin black and Indian purple in Pg, dull violet-black (plate 1, fig. 23), 
and Indian purple (plate 1, fig. 29). The red beans were described as 
Victoria lake in Pg and as ozblood red (plate 1, fig. 25) in Pg. Buff 
was called light pinkish cinnamon in Pg and pinkish cinnamon (plate 1, 
fig. 7) in Pg. The testaceous (plate 1, fig. 1) phenotype was called by that 
color name in both Pg and Pg generations. 

The Pg population of 458 plants gave a poor fit for the expected ratio. 
This was because of the fact that one phenotype, red/testaceous, was 
not recognized. This was clearly an error in classification because one of 
the thirteen red/buff Pg plants subjected to Pg progeny test proved to 
be a red/testaceous genotype. In the purple/buff Pg plants grown in Pg 
ten segregated for B, Bk, and Bl; three for B and Bl; two for B and Bk; 
and four for B only. Fifteen purple/testaceous Pg plants were tested. 
Seven segregated for B and Bl, and eight for B only. Twelve red/buff 
plants were grown in Pg. Three segregated for B and Bk and nine for B 
only. The single red/testaceous plant tested in F, was classed as a red/ 
buff in Pg; it segregated for B. 

In the purple phenotypes two shades of purple were distinguished 
in Pg, raisin black and Indian purple. In breeding behavior these were 
identical. Five raisin black P, progenies segregated for Bl and ten bred 
true; seven Indian purple progenies segregated for Bl and three bred 
true. The ozblood red group was called Victoria lake in Pg; however, in 
Pg ten progenies bred true for ozblood red. No buff or testaceous P, 
plants were grown in Pg. 

LOKa BOMAN X OBINA BED, AKX) BEOIPBOOAI. 

(Formulas: P If X PmBBk UandPmBBh U X P M BBhbl) 

In the cross. Red Kidney X Long Roman (table 3) the red/buff Long 
Roman (plate 1, fig. 3) was found to be of the genetic constitution P M 



TABLE 16 

Long Roman X China Rid (Cross No. 33.063) and Becxpbocal (Obobs No. 33.070) 
(Formulas: P M B Rlhl X P m B EJehlojid P m R Ekhl X P M E Bk hi)* 
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All genotypes m the table are homos>gou8 for P 
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Bk hi. The China Bed has been found to he P B Bk hi (table 12) and 
P Brk hi (table 13). Since genes for two types of mottling, Br and M, 
have been shown in these two varieties it was hoped that an interaction 
of the two could be seen in this cross. In that case the Fi should show 
double mottling and the F, should segregate into 6 double mottled Br M: 
2 mottled Br : 6 mottled M: 2 self-colored r m and B m. 

However, in this reciprocal cross shown in table 16, the Fj was red/ 
buff and in F^ there was segregation for mottled and self-colored ox- 
blood red in the ratio of 3:1, with a probability value of 0.30, for a 
population of 320. On the basis of a 3:1 ratio there should be 80 reds. 
There were actually 88 so that a 14:2 ratio is very improbable. 

As expected, there is no segregation for Bl since both varieties have 
been shown to be homozygous for hi. 

In the Fj, four colors were recognized: the red/buff phenotype was 
classified as Bordeaux/pale pinkish cinnamon and amaranth purple/ 
pale pinkish cinnamon; and the red phenotype was divided into Bor¬ 
deaux and Pompeian red. In the P., progeny tests there was overlapping 
of the colors so that in table 16 they are grouped in only two classes, 
red/buff and red. 

Only four Fj plants were grown in F.,. One red/buff segregated for M 
and one bred true. Both oxblood reds bred true. 

Since no testaceous phenotypes arose in this cross both varieties must 
have been homozygous for Rk; and since no purple plants were found 
they were both homozygous for hi. The genotype of the China Red may 
then be written, P m R Rk bl; and for Long Roman, P M R Rk hi. The 
presence of B in Long Roman, however, was not detected in crosses with 
Red Kidney (table 3). The poor fit to expectation in the crosses re¬ 
ported there, however, was due to misfits of two mottled classes red/buflE 
and red/testaceous. Segregation for M was 256 mottled: 78 self-colored; 
expected, 250.5:83.5. Had R been segregating simultaneously, the ratio 
of mottled to self-colored should have been 292.25:41.75. It seems prob¬ 
able that the red mottling is due to the interaction of M and R. To ex¬ 
plain all the facts presented here M and B would have to be linked. Such 
a linkage of M and B offers a workable hypothesis as to the nature of the 
red in red-mottled beans. In the previous crosses the cause of the red 
mottling was not discussed; M was considered to be a gene which re¬ 
stricts the expression of the darker color in bicolored beans, and it has 
been shown to be independent of Rk and Bl. If M and R were linked, the 
f(»]lowing color types would be expected: purple/buff would be P MB 

Bk Bl or P Rk Bl; purple/testaceous, P MB rk Bl or P rk Bl; 

mr 


mr 
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red/buff, P MB Bk bl or P- Bk hi; red/testaceous, P MB rk hi or 

mr 

P- rk hi; purple, P mB Bk Bl or P mB rk Bl; oxblood red, P mB 

mr 

Bk hi or P mB rk hi. Thus the oxblood red color in both self-colored 
and red-mottled beans could be due to the same gene, B. If there is a 
linkage between M and B it must be very strong because no cross-overs 
have been noted. The crosses reported in tables 1 , 2 , and 3 are between 
red/buff mottled beans and Red Kidney. Assuming linkage, these crosses 
may be represented as P MB Bk hlXP mr rk Bl; the Fj would be 


-, The cross-over classes would be mB and Mr; of these, the 

P mr rk Bl 

mB cross-overs should be easily identified as self-colored oxblood red, 
P mB hi, or self-colored purple, P mB Bl. Since none of these appeared 
in any of these crosses, the crossing-over would have to be very small, 
if any. This argument is faulty for the same reason that Emerson’s (5) 
TZ mottling theory was. Tjebbes (2i) found close linkage between a red 
gene B and a striping gene 8 which occurs in the Cranberry variety. His 
red gene is not the same as the one encountered here because when 
heterozygous it does not produce mottling. It is probable, also, that M 
and 8 are not identical. It seems to be a strange coincidence that two red 
genes should each be linked with a mottling gene. More critical data are 
needed to study the interaction of M and B. 


CHINA BED X MEXICAN BED, AND BECIPBOCAI. 

Both these varieties are dark red, matching Ridgway’s (18) oxblood 
red very closely. Mexican Red, however, luis a black hilum ring. The F, 
was slightly darker than either parent and was classed as Victoria lake 
although it was more purple than this color. The hilmn ring was black. 
In Fj, 52 mottled beans were found in a population of 364. These mot¬ 
tled ones were not recognized until some mottled beans appeared in F,. 
The remnant Fj seed wa.s then reexamined and the F, results given in 
table 17 are based on the second examination. It is possible therefore 
that some Fj seed which were grown in Fg, although described as self- 
colored, were actually mottled. Unfortunately no remnant seed was 
available for those F, plants submitted to progeny tests. As is indicated 
in table 17 some mottled beans appeared in F 3 from all three colors 
tested. From Victoria lake, two progenies out of eighteen tested segre¬ 
gated 5 mottled and 26 self-colored; from oxblood red three progenies 
out of twenty-five segregated 11 mottled and 37 self-colored; and from 
Vandyke red five progenies out of twenty-seven tested segregated 25 
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mottled and 73 self-colored. It is thus apparent the segregation of mot¬ 
tled and self-colored beans in this hybrid is not constant. If the mottling 
were due to the action of the B gene, the self-colored beans should breed 
true unless some modifying factors prevented the expression of mottling. 
The mottled types should segregate mottled and self-colored plants in 
the ratio of 1:1. 

The only available data on this question are the results from progeny 
tests of two Fj mottled plants. These segregated 10 mottled and 11 self- 
colored. This information though meager bears out the assumption that 
the reactions of the B gene were obscured in and partially in F* by 
modifying genes and it was not until these were eliminated in F, that 
clear-cut segregation for B could be detected. 

The segregation of color of the seed coat in this cross is almost as baf¬ 
fling. The shades of red obtained in the Fj and F, were so numerous and 
gradual that separation into modal classes was difficult. It is certain, 
however, that no testaceous beans were obtained in any of the Fj or F* 
populations. Since China Red has been shown to carry Bk (table 12) and 
rk (table 13), and since no testaceous rk types appeared in this cross, 
both parents must have been homozygous for the Bk gene. It must be 
assumed, however, that the presence of other modifying genes prevented 
the buff Bk types from appearing because no buff beans were found in 
any of the offspring from this cross. 

The presence of a colored hilum ring is a difficult character to study 
because not aU beans from a single plant show the hilum ring color. It is 
therefore very easy to make errors in classification. Furthermore, the 
color of the hilum ring depends largely on the color of the seed coat. 
This is demonstrated in the Fj data. The beans were classed as Victoria 
lake, perilla purple, oxblood red, Pompeian red, and ocher red. There 
were 44 plants with Victoria lake seed-coat color, 36 with black hilum 
ring, 1 with orange ring, and 7 with no ring. All 11 of the plants with 
perilla purple seed coats had black hilum ring. The oxblood red plants 
numbered 132 of which 89 had black ring, 15 had orange, and 28 had no 
ring. The 132 Pompeian red plants were classed as 72 with black hilum 
ring, 18 with orange, and 13 with no ring. In 22 ocher-red plants, 11 had 
black hilum ring, and 11 had orange. Segregation for hilum-ring charac¬ 
ter in this cross is shown in table 18. Some progenies bred true for both 
black and orange hilum ring but no true-breeding progenies with no 
hilum ring were obtained. Some of the Fj plants classed as having no 
hilum ring proved in progeny tests to have rings. The character for 
orange hilum ring bred true in two progenies of oxblood red and two 
of Vandyke red. Black ring seems to be dominant over orange but there 



Oct., 1939J 


Smith: Seed^Coat Color in Phaseotus Vulffarift 


603 


are cases of Fg plants with orange ring segregating plants with black 
rings. The genetic nature of the hilum ring character therefore is diflS- 
cult to understand. 

TABLE 18 

SsaRsoATioK i<oa Hilum-B ma Coloe ik China Red X Mexican Bed (Cross No. 
34.172) AND Reciprocal (Cross No. 34.176) 


Parental ooloi 

Parenlai color 
of hiluni ring 

ProgeineR 

tebted 

Hiluni-rii 

Black 

ig color of t 

Orange 

legregantf) 

No 

hilum 

ring 

Total seg- 
regants 

Fi generation 

F 2 geneiation 

Victoria lake 

Black 

16 

269 

'' i 

48 

364 

F« geneiation 

F 1 generation 




f 7 

59 


31 

90 

Victoria lake 

Black 

] 

! 1 

5 

4 1 


9 




l 7 

75 

i 


75 

Victoria lake . 

w i 

rsuTiiig ! 


r 2 

4 

” 1 

4 

19 




i 1 

3 


5 

8 




f 4 

39 

15 

10 

64 

Oxblood red 

Black 


1 3 

31 , 


3 

34 



1 

1 1 

; ] 

10 

7 

17 




i 5 

i 52 1 

: 1 



52 




1 

1 

9 

28 

37 

74 

Oxblood red 

No ring 

1 

4 


23 

0 

29 




[ 2 


20 


20 




f s 

BO 

13 

17 

90 

Vandyke red 

Black 


i 3 

15 

6 


21 




2 

14 


3 

17 



1 

[ 1 

vS 



8 

Vandyke red 

Orange 

f .5 

4i 

42 

! 3 

51 




, 4 1 

1 


39 


39 

Vandyke r©<l 

No ring 

/ 6 

21 

42 

5 

68 



\ 2 


17 


17 


MEXICAN RES X RED KIDNEY 

The results from this cross are summarized in table 19. The Pj was violet 
carmine. The names given to the color classes varied somewhat between 
the Fj and Fg generations. The relation between them was as follows: 
Beans which were classified as dull purplish black in Pg were black and 
Indian purple in Fg; Victoria lake was used in both generations; in Pg 
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Mexican Bed X Red Kidney, Cross No. 33.496 
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liver brown and burnt umber were grouped together as chocolate in Fg; 
ozblood red was used in both generations; beans classed as Pompeian 
red in Fg were called Vandyke red in Fg. A number of light-red types 
similar to testaceous were distinguished in Fg but all proved to be testa¬ 
ceous when submitted to progeny tests. These Fj color names, then, can 
all be grouped together: orange-cinnamon, Japan rose, ferruginous, and 
testaceous. Fg progeny tests were made of a number of F, plants but 
owing to poor stand in the nursery, the Fg populations were too small to 
obtain accurate ratios. 

Although the colors do not segregate in definable ratios a number of 
illuminating facts are observed. The colors obtained in this cross are 
illustrated in plate 2, figures 54-59. The Fj was purplish red (violet car¬ 
mine) therefore the Bl gene was able to modify the color in this hybrid. 
It appears that each parent contributed some purple modifying genes 
because in Fg progenies from Fg Indian-purple plants (plate 2, figs. 63- 
64), some beans appeared which could be described by no better word 
than black (plate 2, fig. 54). These may well be due to accumulation of 
darkening modifiers contributed from both parents. The light-red beans, 
such as Vandyke red (plate 2, fig. 58), may well be due to homozygous 
combinations of red genes with bl and other recessive purple modifiers. 

Another interesting fact noted in this cross is the absence of segrega¬ 
tion of color of the hilurn ring, presumably due to the fact that both Red 
Kidney and Mexican Red have colored hilum rings; the ring in the for¬ 
mer is orange and in the latter, black. On this basis, crosses between Red 
Kidney and China Red or Dark Red Kidney should have segregated for 
colored hilum ring. This, however, was not observed; but no special atten¬ 
tion was paid to this character in those crosses. 

Still another fact is ai)parent in the Mexican lied X Red Kidney 
cross. In the Fg population of 496 plants, there were 118 testaceous 
plants (table 19). Fitted to a 3 ; 1 ratio there should have been 124; the 
probability value for such a fit is 0.54. In the Fg progenies there were 
7 which segregated 10 testaceous plants in a population of 47. The prob¬ 
ability value for these results, fitting a 3:1 ratio, is 0.57. Thus it is 
apparent that tlie recessive gene rk is segregating normally in this cross. 
But what has become oS Bk since no buff beans were found in any of the 
progenies? It is now apparent that Mexican Red either has a third 
aUelomorph of the Bk rk gene pair or other color genes prevent its ex¬ 
pression as buff. 

Still another fact is apparent in this cross which should not be over¬ 
looked and that is the absence of mottled beans. Since some mottled 
beans were obtained in the China Red X Mexican Red cross the assump- 
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tion was made that the B gene was segregating. China Red is known to 
carry the dominant allelomorph 1?; so, if mottling were due to heterozy¬ 
gous B, Mexican Red must carry r. This fits in with the facts obtained in 
this cross. Red Kidney has been shown to carry r and if Mexican Red 
does also, no mottled beans are expected in the progeny of this cross. 

MEXICAN RED X DARK RED KIDNEY 

The Pi of this cross was classed as Vandyke red with a black hihim ring. 
In Pj it segregated for the hilum-ring character. The results of the segre¬ 
gation for seed-coat color are given in table 20 and for the hilum ring 
character in table 21. 

Regarding mottling, much the same result was obtained here as in the 
China Red X Mexican Red cross. The faint mottling was entirely over¬ 
looked in Pj. When the P^ was obtained showing mottled beans, the Pj 
remnants were reexamined and four mottled beans were found which 
had been previously classified as Corinthian purple. Two P, progenies 
segregated such a high proportion of mottled offspring in P., that they 
must have been mottled in P,. These two progenies, which are indicated 
in table 20, consisted of 42 plants of which 22 were mottled. Por a 1:1 
ratio there should have been 21. Pitted to such a ratio the probability 
value is 0.76. It is apparent that the B gene is segregating in this cross 
but some modifying genes prevent the expression of mottling in some 
cases. Purther proof for the presence of R was obtained by subjecting 
known mottled F;, beans of this cross to progeny tests. Prom eight prog¬ 
enies 120 plants were harvested, 56 being mottled and 64 self-colored. 
The.se data fitted to a 1:1 ratio give a probability value of 0.47. 

Since some red<lish purple (Indian purple, plate 2. figs. 63, 64), and 
purple (perilla purple, plate 2, fig. 65) beans were obtained, it is assumed 
that the color genes in Dark Red Kidney (Indian purple, plate 1, fig. 4) 
were responsible. No blacks, however, were found in the F, so there was 
no accumulation of dark modifiers as in Mexican Red X Red Kidney. 
In the cross Dark Red Kidney X Red Kidney (table 15) evidence of 
segregation of Bl w'as obtained. Thus the Bl gene carried by Red Kidney 
is not the same gene as the purple modifier in Dark Red Kidney or black 
beans would have been obtained in the F., of the cross Mexican Red X 
Dark Red Kidney. Oxblood red was reclaimed often in the F^ of this 
cross and so was a still lighter red, classed as acajou red (plate 2, figs. 
69, 70). Acajou red is lighter in color than the Mexican Red parent and 
indicates that it may have fewer dominant color genes for red or purple 
than either parental variety. No testaceous beans were obtained in this 
cross indicating that neither parent carries rk. 
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Segregation for Seed-Coat Color in Mexican Red X Dark Red Kidney, Cross No. 34.171 
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In the study of the hilum-ring character, summarized in table 21, the 
same difficulties of clearly distinguishing the different phenotypes were 
encountered as described in the China Red X Mexican Red. Here there 
was further evidence that the color of the hilum ring and the color of the 
seed coat are associated. This condition has already been noted in the 
literature (12, 17). In the generation the Indian-purple progeny 

TABLE 21 

Segregation for Hn.irM-RiNO Color in Mexican Red X Dark Red Kidney, 

Cross No. 34.171 





Hilum-ring color of segreganta 


Pareiilttil color 

Parental color 

Progenies 
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of hihim ring 
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were elaesed as 10 witli black hilum rmg and 4 with no ring; in the 
perilla purple, 59 had black hilum ring, 9 had orange, and 1 no ring; 
in the oxblood red, 9 had black hilum ring, 11 had orange, and 22 no 
ring; in the perilla purple/light perilla purple all 4 had black hilum 
rings. 

The plants with black hilum rings seem to be able to segregate both 
orange rings and no rings as well as breed true. Orange hilum ring 
usually breeds true or segregates no ring but occasionally some progeny 
with black ring come from F™ plants with orange hilum ring. Fj plants 
classed as having no rings did not always breed true—in fact most of 
them reverted to orange rings or in a few cases black. Two F3 progenies 
from oxblood with no hilum ring bred true in Fg. 

As can be seen in table 20 there is some discrepancy in the color de¬ 
scription of Fj and F,. The two colors, Corinthian purple and deep hel¬ 
lebore red recognized in F, were grouped together in Fg as perilla 
purple. 

NATURE OF TPIE COLOR COMPLEX TN MEXICAN RED 

In the three crosses just discussed no attempt was made to give the 
genetic formula of Mexican Red. We can, however, make some assump¬ 
tions which are based on the results of the crosses involving this variety. 

Both China Red and Dark Red Kidney carry R and since some mottled 
beans were found in F, and F.„ when these varieties were used in crosses 
with Mexican Red, the mottling was attributed to the action of R. F* 
data from both China Red X Mexican Red and Mexican Red X Dark 
Red Kidney crosses were presented to show that mottled hybrid beans 
do segregate in the ratio of 1 mottled to 1 self-colored as expected. This 
was explained on Ihe basis that the reactions of R were obscured by 
interactions of other color genes but when these modifiers were elimi¬ 
nated in the Fg the action of R could be readily seen. Thus Mexican Red 
carries r. Since Red Kidney also carries r there should be no mottling in 
the progeny of a cross between these varieties. Since none were found 
this is further evidence that Mexican Red must carry r. 

Some Fj beans were obtained in these crosses which were darker than 
either parent, a fact explained by assuming that the Mexican Red car¬ 
ries purple modifiers as well as the other varieties and the dark colors 
are due to accumulation of these modifiers in homozygous condition in 
some genotypes. The reverse situation was also observed. Some Fj beans 
were lighter red than either parent indicating the elimination of the 
dominant purple modifiers. The genetic nature of the colored hilum ring 
has not been settled in this work. Because it is difficult to always distin- 



612 


Hilgardia 


[Vol.12,No.» 


guish this character, errors are easily made in classification. After they 
have been made it is hard to reconcile the notes on the hybrids in the 
succeeding generation. There is some evidence that the color of the ring 
is associated with the color of the seed coat but there are also enough 
exceptions to make a general rule untenable. 

Mexican Red was shown in crosses with Red Kidney to carry a domi¬ 
nant allelomorph of rk since one-fourth of the Pj and segregating Pg 
progenies were testaceous. China Red and Dark Red Kidney have been 
shown to carry Rk a dominant allel of rk which makes beans buff in 
color in the absence of the dominant red gene R. Now, since Mexican 
Red does not carry R, and since no buff beans were found in any of the 
crosses, it must carry other red color genes which prevent Rk from ap¬ 
pearing as buff. Another explanation, advanced earlier in the paper is 
that this variety may carry a third allel in the Rk rk series. No critical 
data are available to make a choice between these two possibilities. 

Crosses involving Mexican Red were the most difficult to analyze 
genetically but the hybrids show more promise as a foundation for a 
breeding program to improve the color of Red Kidney than any other 
variety tested. The new light-red colors which may be useful are: Pom¬ 
peian red (plate 2, fig. 44), and ocher red (plate 2, fig. 45) from the cross 
China Red X Mexican Red; Vandyke red (plate 2, fig. 58) from the 
cross Mexican Red X Red Kidney; and aca.iou red (plate 2, figs. 69, 70) 
from the cross Mexican Red X Dark Red Kidney. Whether these reds 
will prove useful to this end remains to be seen in later breeding work. 

SUMMARY 

Hybrids between red-seeded varieties of common beans were made to 
study the genetic nature of red. Ridgway's {18) color nomenclature was 
used in the descriptions. The results of this study are applicable in im¬ 
provement of the Red Kidney variety, which changes in time from red 
to brown or tan while in storage or when in sunlight. Six genes were 
encountered which affect seed-coat color or its distribution. 

P is a primary pigmentation factor necessary for any color to develop. 
Beans with P but without any complementary pigmentation color genes 
are white. All the bean varieties studied carried one or more comple¬ 
mentary color factors. Beans homozygous for p are white regardless of 
the color genes they may have. 

ilf is a mottling gene which was found in a number of red-mottled 
varieties; its recessive allelomorph, m, is self-colored. 

Rk, a gene for buff color, is the dominant allelomorph of rk, which is 
responsible for the testaceous color typical of the Red Kidney variety. 
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The interactions of Bk rk have not been known heretofore. M Bk beans 
are mottled on buff background, and M rk are mottled on testaceous 
background. 

is a gene for deep red (oxblood red). In the genotypes studied B Bk 
and B rk were oxblood red; r Bk, buff; and r rk, te.staceous. Beans 
heterozygous for B are mottled: those with Br Bk are mottled on buff 
background and those with Br rk are mottled on testaceous. 

Bi is a color modifier which changes oxblood red to purple. It also 
changes red-mottled beans to purple-mottled when the mottling is caused 
by either heterozygous B or M. 

E is the dominant allelomorph of e, a gene for eye pattern. E beans 
are self-colored. The eyed variety used was white with a red eye, the red 
being due to rk. 

No linkage was found between Bk M Bl, Bk B Bl, or Bk E. Linkage 
between these genes and P could not be demonstrated because all p geno¬ 
types are white. Some data were obtained indicating complete linkage 
of M and B. No cross-over classes were found. 

Not one of these genes was suitable as a color modifier of Red Kidney. 
However, Fg segregates were obtained in crosses involving Mexican Red 
which were nearer the ideal type. Further experiments are necessary to 
ascertain the practical value of these reds. The genotype of Mexican 
Red was not obtained becaiise it carries a number of modifiers which 
made classification difficult. No buff segregates were found in crosses 
involving Mexican Red, although about one-fourth of the Fj popula¬ 
tion was testaceous in the cross Mexican Red X R'Cd Kidney. Mexican 
Red either has modifiers which prewnt the expression of buff or it car¬ 
ries a third allelomorph for the Bk rk gene pair. 
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PLATE 1 


Pabuntajl Varxbtiibs: 

Fig. 1. Red Kidney 4S70. Fig. 5. %>eokled Kidney B0(51)30. 

Fig. 2. Nagacura 4390. Fig. 6. China Red 4414. 

Fig. 3. Long Roman 4521. Fig, 7. Buff P Bk, 

Fig. 4. Dark Red Kidney (65)31. Fig. 8. Mexican Red 4437. 

Fs SfiOHEOANTS OF WHITE KiDNEY X NaGAZURA: 

Fig. 9. Raisin black/pinkish buff (P M Rk Bl). 

Fig. 10. Indian purple/pinkish buff {P M Rk Bl). 

Fig. 11. Dark heliotrope alate/pinkish buff (P M Rk Bl). 

Fig. 12. Raisin black/testaceous (P M rk Bl), 

Fig. 13. Indian purple/testaceous (P M rk Bl). 

Fig. 14. Maroon/pinkish buff (P M Rk hi). 

Fig. 15. Qxblood red/pinkish buff (P M Rk bl). 

Fig. 16. Deep hellebore red/pinkish buff (P M Rk bl). 

Fig. 17. Maroon/testaceous (P M rk bl). 

Fig. 18. Oxblood red/orange cinnamon (P M rk bl). 

Fs Sbgregants of China Red X Red Kidney; 

Fig. 19. Raisin black/pinkish buff (P ~ Rk Bl). 

Fig. 20. Raisin black/testaceous (P ^ rk Bl). 

Fig. 21. Oxblood red/light pinkish cinnamon (P ~ Rk bl). 

Fig. 22. Oxblood red/testaceous (P ^ rk bl). 

Fig. 23. Dull violet black (P R Bl). 

Fig. 24. Dull purplish black (P R Bl). 

Fig. 26. Oxblood red (P r bl). 

Fs Segregants of Dark Red Kidney X Red Kidney: 

R 

Fig. 26. Raisin black/light pinkish cinnamon (P ~ Rk Bl). 

Fig. 27. Oxblood red/testaceous (P — rk bl). 

Fig. 28. Black (P R Bl). 

Fig. 29. Indian purple (P R Bl). 

Fig. 30. Violet carmine (P R Bl). 

Fs Segregants of China Red X Mexican Red; 

Fig. 31. Victoria lake/testaceouS; with black hilum ring. 

Fig. 32. Oxblood red/testaceous, with black hilum ring. 

Parental Varieties: 

Fig. 33. White Kidney 4616. 

Fig. 34. Red Eye 4387. 

F2 Segregant op Red Eye X Buff: 

Fig. 36. Buff eye. 

{All natural size.) 
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PLATK 2 


Fs Secjkkcjants of China Red X AIexifan Red: 

Fi|<. JH6. PoiniM*ian red/tostareous. 

Fig. 87. Victoria hike, with !)lack hiluin ring. 
Fig. 88. Oxblood red, with orange hiliini ring. 
Fig. 89. Oxiilood red, with no liilinn ring, 

F'ig. 40. Pompeian red, with lilaek hiliiin ring. 
F"ig, 41. Victoria lake, with no hiliim ring. 

F"ig. 42. Perilla purple, with black hihnn ring 
F'ig 43. Oxblood red, with black hiluin ring. 
F'ig. 44. Pompeian red, with orange hilum ring 
F^ig. 45 Och(‘r red, with orange hilum ring. 


F^j iSE<}iiE(!ANi\s OF C'HiNA Red X Oene\ A Rkd Kidney: 


F'ig 46. eVuinthian purple 
F^ig. 47 Liver brown. 

F’ig. 48 C^hestnut brown. 
F'ig 49 Hay’s russet. 


F^ig. 50. l)e(‘p C\>rinthian red. 
F’ig 51, Oxblood retl 
F^ig. 52. Vinaceous faw n. 

F’ig 58 Testaceous 


F\{ Sec;. iE(]ANTS of Mexic an Red X Red Kidney : 

Fig. 54. Black F’lg 57. Oxblood led 

F'ig 55 Victoria lake* Fig. 58. Vandyke* red 

F’ig 56. (liocolate. F'ig. 59. Testac(‘ous 


F.J Sec;kk(;ANTS of Mexican Red X Daiik Red Kidney: 

Fig 60 Indian purple*/testaceous 

Fig 61 Perilla purple light perilla purple* 

Fig 62 Oxblood r(*d/Pomp<*ian r(*d 
Fig. 68. Indian purple, with black hilum ring 
Fig 64. Indian jiurple, with no hilum ring 
Fig, 65 Perilla purple, with black hilum ring 
Fig 66 Oxblood red, with black hilum ling 
Fig. 67. Oxblood red, with orange hilum ring 
Fig. 68 Oxblood red, with no hilum ring 
Fig. 69. Acajou red, with black hilum ring. 

F"ig. 70. Acajou red, with orange hilum ring. 

{All tmlural mze,) 
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SOME MOSAIC DISEASES OF PRUNUS 

SPECIES' 

H. EAEL THOMAS* and T. E. EAWLINS* 

In the absence of a visible fungus or bacterial pathogene, the diagno¬ 
sis of a plant disease depends in a large measure upon the recognition 
of symptoms. This observation is particularly applicable in the study of 
diseases of deciduous fruit trees in California where there is found a 
relatively greater proportion of virus and nontransmissible diseases 
than is the case in more humid areas. It has seemed desirable, therefore, 
to assemble and to study, under comparable conditions, some of the 
prevalent virus diseases of deciduous fruit trees and to improve the 
criteria for distinguishing these from nontransmissible diseases such as 
exanthema and little-leaf, or rosette, the latter of which may cause 
symptoms on grape loaves strongly suggestive of a mosaic disease. 

It is a rather remarkable fact that none of the several well-known 
virus diseases of stone fruits in eastern United States, namely, peach 
yellows, peach rosette, little peach, and phony peach, have been found in 
(Jalifornia. On the other hand, there are a considerable number of virus 
diseases of these plants in (California, few or none of which seem to be 
established in the eastern states. Among the latter group, only cherry 
buckskin (8)* and peach mosaic (.V, 6) have been studied in any detail. 

The earlier plan of this work, begun in 1932, involved the collection 
of those virus-type diseases that were found on deciduous fruit trees 
from which the more important were to be selected for further study. 
As the collections continued, however, and certain apparent interrela¬ 
tions between some of the diseases appeared, it became more and more 

^ Eeceived for publication February 28, 1939. 

* Associate Plant Pathologist in the Experiment Station. 

* Associate Professor of Plant Pathology and Associate Plant Pathologist in the 
Experiment Station. 

* Italic numbers in parentheses refer to “Litciature Cited^’ at the end of this 
paper. 
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difficult to single out one disease to the exclusion of others. As a conse¬ 
quence, collection and cross-inoculation with a number of these diseases 
have been continued to the present, and some of the seemingly minor 
diseases are set forth here as far as information is available, along with 
several which appear to be of considerable importance in the orchards 
of central California. This paper is limited to diseases of the mosaic type, 
using the term ^‘mosaic’’ in a rather broad sense. 

ALMOND MOSAIC DISEASES 

Speckling and mottling of foliage of almond, Prunus communis, first 
called to notice by Gilbert L. Stout, is very prevalent in orchards of the 




Fig. 1.— A, The calico disease of almond; B, part of a leaf from mazzard- 
cherry seedling inoculated with the almond-calico virus. 



northern Sacramento Valley. It is not clear at present how many dis¬ 
eases are involved. While the symptoms on individual leaves are often 
conspicuous, the damage to the tree as a whole does not seem to be great 
(see also section on “Peach Mosaic Diseases”). 

A common symptom is a small, pale green to white, more or less star- 
shaped spot in the leaf blade. At other times large chlorotic blotches or 
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bands are seen, usually with little or no distortion. Material represent¬ 
ing the latter symptoms, collected by Stout at Chico and designated by 
him as “calico” (fig. 1, A), was used to inoculate almond and peach. On 
small potted almond trees in the greenhouse, symptoms appeared as 
early as 4 months after inoculation, while on trees eight to ten years old 
symptoms were not seen on previously healthy branches until 19 months 
after inoculation. 

On seedling peach trees inoculated with the affected almond material, 
a few leaves eventually developed large, pale-yellow blotches without 
pattern, the symptoms apparently becoming intensified as the leaf ma¬ 
tured. These symptoms closely resembled some of those produced on 
peach out of doors by the cherry-mosaic-1 virus. 

Inoculations with the above almond material to small sweet-cherry 
seedlings resulted in mild to striking symptoms within 7 weeks, vary¬ 
ing considerably from plant to plant and in some leaves resembling 
symptoms which are found on cherry in the orchard (fig. 1,15). 

APRICOT MOSAIC DISEASES 

Mild but definite mosaic symptoms on apricot, Prunus Armeniaca, have 
been found on a few trees in each of three orchards in Solano and Yolo 
counties. Buds from one of these trees were used to transmit the disease 
(fig. 2) to seedling apricot trees. Trees budded in October exhibited 
symptoms near the points of inoculation the following May, but about 
18 months were required for symptoms to appear in all parts of trees 
eight to ten years old. The symptoms in one such inoculated tree have 
been distinctly more severe than those seen in the original orchard trees. 
No certain symptoms have been seen thus far in seedling peach trees up 
to two and one-half j^ears from the time of inoculation with this disease. 
In some inoculated apricot trees, but not all, a distinct shortening of 
nodes was visible the second or third year after inoculation. At present 
this disease is of interest chiefly because of the similarity of symptoms 
to those of a disease of peach and apricot treated later in this paper 
(p.633). 

CHERRY MOSAIC DISEASES 

A considerable range of chlorotic symptoms has been seen on sweet 
cherry, Prunus avium. The infectious nature of some of these ehloroses. 
however, is in considerable doubt. In fact, some of the common types of. 
chlorosis which simulate virus symptoms, seem to be definitely not trans¬ 
missible. Some of these have been grafted on apparently healthy sweet- 
cherry trees and the inoculated trees have remained symptomless for at 
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least two or three yeai's, even the affected scions failing to retain the 
symptoms. Such a type shown in figure 3, A seems to be the result of 
unfavorable soil. 

On the other hand, at least two types of mosaic of the sweet cherry are 
transmissible by grafting. One of these diseases, evidenced by chlorotic 



Fig. 2.—mosaic of apricot. 



blotches, lines, or rings (fig. 3, B), seems to be more apparent in the 
foliage of mazzard (Prunus avium) rootstocks than in the common top 
varieties of sweet cherries and altogether comparatively mild in effect 
upon the more common orchard varieties. Plants inoculated with this 
disease in October developed symptoms the following spring. 

Symptoms somewhat similar to these were seen on a few trees of the 
varieties Windsor and Yellow Spanish in Wayne County, New York, 
in 1931. In a preliminary attempt to transmit the disease from Yellow 
Spanish to Black Tartarian in the greenhouse at Ithaca, New York, 
symptoms appeared the following spring but did not persist, and the 
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Fig. 3.— A, Noninfectious condition in sweet cherry apparently related to 
unfavorable soil; B, a mosaic of mazzard-cherry foliage. 
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results are considered inconclusive. C. B. P. Guterman very kindly 
noted the results of this experiment. 

Another type of mosaic (fig. 4) is somewhat similar to “mottle leaf” 
reported from Oregon (14).* It is apparently distinct, however, from 
the disease treated under that name by E. L. Reeves in Washington 



Fig. 4.—Barly-season symptoms of cherry mosaic 1 on leaves of Napoleon 
variety; natural infection. 


(10); Reeves has pointed out in one orchard in Napa County, California, 
the type of disease he has under study in Washington. 

Since the name “mottle-leaf” has seemingly been applied to a disease 
distinct from that under consideration here, and since it is already in 
general use in this state to designate a nontransmissible disease of citrus, 
the disease treated in the following paragraphs will be designated 
“cherry mosaic 1.” This disease has been seen on Black Tartarian, Chap¬ 
man, Napoleon (Royal Ann), and Republican (Black Republican), and 

• H. E. McLarty, in a paper entitled “Cherry Mottle Leaf,” presented before the 
Northwest Association of Horticulturists, Entomologists, and Plant Pathologists at 
Kelowna, B. C., July 17-19, 1935, expressed the opinion that the disease studied by 
him in British Columbia was the same as that described by Zeller in Oregon (14). 
In this paper McLarty presented evidence of the infectious nature of the disease. 
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a variety known locally as “Long Stem Bing,” and has been observed in 
Butte, Napa, Riverside, Solano, Sonoma, and Sutter counties. The va¬ 
riety Napoleon seems to be somewhat more susceptible than the others 
mentioned (as was the case in Oregon). 

The early-season symptoms of cherry mosaic 1 are small to large 
chlorotic blotches in the blade of the young leaf followed by distortion 
as the green portions of the leaf continue to expand (fig. 4). The chlo¬ 
rotic areas of such leaves often drop out, and many of the leaves fall by 
midsummer. In the latter part of the season a milder mottling of leaves 
with little or no distortion is often seen on affected trees. Rather consist¬ 
ently associated with this disease in late stages is the appearance of 
compact tufts of small and sometimes distorted leaves from latent buds 
on large branches of older trees. In advanced stages of the disease, the 
fruit is scant and in some varieties tends to be somewhat misshapen. 

Potted trees of the Napoleon variety and seedlings inoculated by af¬ 
fected scions or buds in May and June developed symptoms early the 
following spring. Observations thus far, however, indicate that in gen¬ 
eral the spread of this disease is rather slow in orchards. For example, in 
one orchard of Black Tartarian and Napoleon, 5 of 85 trees were noted 
as affected in June, 1935, and only 6 of the 85 trees were unmistakably 
affected in May, 1938. An apparent exception to this general impression 
was encountered in one orchard of 80 acres of Republican and Napoleon 
where the grower had seen only 5 or 6 affected trees in the entire orchard 
during the five years preceding 1937. In a portion of this orchard, 5 of 
100 trees examined in May, 1928 (mostly Napoleon) were affected and 8 
others appeared to be so. 

Potted peach trees inoculated by inarching or budding with affected 
cherry material have shown a considerable range of symptoms, but mild 
for the most part. These symptoms include in some cases distinct chlo¬ 
rotic blotches in the expanding leaf resembling the symptoms on young 
cherry leaves. On other plants mild to rather strong chlorosis is pro¬ 
duced, typically without any definite pattern, and with little or no dis¬ 
tortion. Preliminary tests indicate that cherry mosaic 1 is transmissible 
by inarching to almond and Prunus Mahaleh, producing rather mild 
symptoms on these plants. 

A disease of sour cherry, Prunus Cerasus, which causes a mottling of 
the leaves, is common both in New York orchards and in the compara¬ 
tively few trees that have been examined in California. These trees are 
of interest here chiefly for the reason that they are sometimes used as 
stocks for sweet cherry. 

The symptoms of the disease of the sour cherry in the two states are 
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STifiSciently similar to suggest that the cause is, in some cases, the same. 
Usually the affected leaf develops pale-green to yellow blotches with 
some distortion. Occasionally definite chlorotic bands and rings appear. 
A symptom which seems to be a part of the same complex in both states 
consists in small rings clearly apparent by reflected light but invisible 
or nearly so by transmitted light and without appreciable chlorosis. 

Sweet-cherry scions and buds grafted on affected sour-cherry trees 
(morello type) in California have not shown any symptoms clearly re¬ 
lated to the sour-cherry disease. Peach trees inoculated with this disease 
both at Ithaca, New York, and at Berkeley, California, developed mild 
mottling of leaves, and at Berkeley, strong vein swelling when the plants 
were kept in the greenhouse. 

Another disease occasionally seen in leaves of mahaleb rootstocks, on 
some of which sweet cherries are growing, produces symptoms usually 
consisting in rather broad chlorotic bands. This type of mosaic was 
readily transmitted by grafting to healthy mahaleb trees, the symp¬ 
toms appearing within 4^^ months after inoculation. However, no spe¬ 
cific effect of such diseased stocks is apiiarent on the sweet-cherry trees 
grown on them for several years. 

PLUM AND PEUNE MOSAIC DISEASES 

At least two types of mosaic on the Japanese plum, Prunus mlicina, and 
two on prune, or European plum, P. domcstica, have been under ob¬ 
servation. 

One of the mosaics on the Japanese plum has thus far been recognized 
only in a single planting of the variety Santa Rosa {Prunns salicina) 
in Vacaville, Solano County. Sjrmptoms are mild, consisting in pale- 
green blotches, lines, and rings in the leaf blade (fig. 5, G). There is no 
evidence as yet, after five years from the first observation, that this dis¬ 
ease is causing appreciable reduction in vigor of the trees. The disease is 
transmitted by buds to peach seedlings in which the symptoms in the 
greenhouse consist in mild mottling without any very definite pattern. 
This disease will be referred to later (p. 642) as the “Vacaville plum 
mosaic.” It is similar to a mosaic of plum, transmissible to peach, which 
has been reported from Kentucky {13). 

A second disease or group of similar diseases has been found on the 
Santa Rosa plum, and more recently on other varieties, in Eldorado, 
Mendocino, Placer, Santa Cruz, Solano, and Yolo counties. The typical 
symptoms on the Santa Rosa are rather small, completely chlorotic spots 
more numerous toward the distal end of the leaf blade (fig. 5, A). The 
Duarte variety in one orchard and an unnamed variety in another dis- 



Nov., 1939] 


Thomaa-Bawlina: Mosaic Diseases of Prmus Species 


a: 






632 


HUgardia 


[VoL. 12, No. 10 


played S 3 Tnptoms resembling those on Santa Rosa while the myrobalan 
{Prunus cerasifera) shoots from the rootstocks of affected trees in these 
orchards bore strong lines, bands, and vein clearing. The varieties Inca, 
Kelsey, and Sharpe’s Pearl were also seen with symptoms similar to 
those of Santa Rosa, while the Del Norte in one orchard exhibited vein 
clearing only. 

The latter disease of the Santa Rosa plum was transmitted by grafts 
to healthy Santa Rosa trees, and the myrobalan from one of the orchards 
mentioned was used successfully in transmitting the disease to healthy 
myrobalan plants. 

Observations thus far indicate that this disease impairs the vigor of 
the trees appreciably but probably not greatly, at least in any short 
period of years. 

A mosaic of Standard prune was noticed by C. E. Scott and H. H. 
Thornberry in October, 1935, in an orchard at Live Oak, California. Not 
less than 80 or 90 per cent of the trees in this orchard are affected, and 
there seems to be a slow but eventually considerable decline in vigor of 
affected trees. A small lot of trees of this variety purchased from a local 
nursery in 1937 all appeared to be affected by the same disease. 

Typical symptoms on the prune are few to many small chlorotic spots, 
often more numerous in an area toward the tip of the leaf and coalescing 
to cause distortion and dropping out of parts of the leaf blade, (fig. 5, Z>). 
Unlike most of the diseases under consideration in this paper, this dis¬ 
ease is more apparent in midseason than in early spring or in the green¬ 
house than out of doors, which indicates that a relatively high tempera¬ 
ture is favorable for its development. 

The prune orchard at Live Oak is interplanted with J. H. Hale peach 
trees, and the prune trees are growing on peach roots. No symptoms have 
been seen on the J. II. Hale trees that seem to be clearly related to the 
prune disease, but shoots from the peach rootstocks of the prune trees 
occasionally exhibit a rather mild mottling of the leaves. Also when 
peach seedlings were inarched in the greenhouse with affected Standard 
prune in June, 1936, the peach leaves developed a swelling of the veins 
by November of that year, and the following spring, a mottling varying 
from mild and rather indefinite to very striking lines and rings (fig. 
5,5). 

A disease of Sugar prune, noticed by W. D. Butler and M. R. Harris 
in an orchard near Napa, California, is similar to that on Standard 
prunes in appearance, with the difference that the basal part of the leaf 
is more often affected, and there is more tendency for the affected tissues 
to drop out. When healthy Sugar prune was inoculated in the green- 
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house by marching with affected Standard prune (from Live Oak), only 
doubtful symptoms were seen on the Sugar prune the following year. 
On orchard trees of Sugar prune inoculated with affected buds of the 
same variety in July, 193G, symptoms were seen in August, 1938, only 
on shoots which grew from the affected buds. Likewise, inoculations of 
Agen (French) prune. President plum, peach seedlings, and Prunus 
subcordata have failed thus far to produce symptoms except that the 
peach leaves exhibited a marked vein swelling the year after inoculation. 

The diseases of Standard and Sugar prunes are distinct in appear¬ 
ance from the virus disease of Italian Prune (Fellenberg) found in 
western New York (11). 

PEACH MOSAIC DISEASES 

Mosaic diseases of the peach, Prunus Persica, are of particular interest 
at this time because of the destructive disea.se (1, 6) found in several 
southwestern states, including southern California, and designated 
heretofore merely as “peach mosaic.” This disease will be referred to 
when necessary in the present paper as the “Texas peach mosaic,” since 
it was first found in that slate. A distinct disease designated as “asteroid 
spot” has also been found on peaches in southern California (4). 

In addition to the several mosaic diseases already described in this 
paper which may be transmitted by inoculation to the peach, at least* 
one distinct mosaic-typo disease has been found occurring naturally on 
peaches in central California. This disease is of especial interest in sev¬ 
eral ways and is discussed in some detail. It is known at present in only 
two orchards in the vicinity of Winters, California, and will be referred 
to as the “Winters peach mosaic.” 

INVESTIOATIOXS OF WINTERS PEACH MOSAIC 

Symptoms .—The most conspicuous symptoms of Winters peach mosaic 
are in the leaves and leaf buds and these are most readily seen at the 
beginning of the growing season. Pale-green to pale-yellow, oblong, 
feather-edged blotches appc'ar along the midvein or larger lateral veins 
before the leaves are fully expanded, which result in distortion of the 
lamina and often dropping out of the chlorotic parts (fig. 6, A). Later 
in the season some leaves are seen with milder symptoms of the sort 
shown ill figure 6, B, and rarely, a leaf is seen with definite chlorotic lines 
and rings. 

“ Mild mosaic mottling on a flowering-pcach variety at Santa Clara and another 
near Fairfield on a fruiting variety (first noticed by L. C. Cochran) have not been 
studied in any detail. 
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On severely affected branches, the leaf buds often push out pale leaf 
tips for a few millimeters and then remain practically unchanged for 
a period of several weeks (fig. 6, A). Eventually these branches die back 
or a few buds produce compact clusters of small narrow leaves, often 
somewhat curved laterally, and usually with no eonspiciioTis mottling. 
A considerable number of affected peach trees of both Blberta and Muir 
have died in the two orchards under consideration, but there is some 
evidence that unfavorable soil conditions have contributed to this loss. 

When potted peach trees are inoculated in the greenhouse, most of 
the early-season symptoms found in the orchard are observable. The 
symptoms on these small trees, mostly seedlings, are on the whole more 
severe than those in the orchard and seem to be more severe at the onset 
of disease than later, on smaller trees than on larger trees, and when a 
scion is used as inoculum than when a bud is used. When a potted tree 
is cut back to within a few inches of the soil level and inoculated by 
grafting with a diseased scion, the tree seldom makes appreciable growth 
afterward, usually dying within a few weeks or months. When trees in 
the greenhouse are inoculated by budding after considerable foliage has 
developed, the youngest leaves at the time symptoms appear resemble 
those in the orchard in early spring; leaves somewhat older develop 
similar but small chlorotic areas; still older leaves develop numerous 
minute chlorol ic spots in the leaf blade without distortion; while the 
oldest leaves exhibit no symptoms. 

No symptoms in the flowers have been noted. Only a few flowers of 
affected peaches, other than Elberta and Muir, have been seen. 

Fruit development varies from a fair crop to a few or none on affected 
branches or trees, more or less in proportion to the stage of development 
of the disease. Many Elberla fruits on affected trees in 1937 grew for a 
time, but remained slender and finally withered and droijped. This may 
have been due to a combination of low vigor and poor pollination. Fruits 
on affected Muir peach trees sometimes develop appreciable irregulari¬ 
ties in shape (fig. 7) but not so pronounced as in the case of the Texas 
peach mosaic {6) in some varieties. 

Experiments with Winters peach mosaic on other Prunus species 
have been made. On apricot, affected leaves in the orchards and in the 
greenhouse usually develop rather large chlorotic areas more nearly 
circular than on peach and rather frecpiently exhibit clearly defined 
chlorotic lines and rings (fig. 8, A). The affected areas often drop out 
but may persist for several months. There is some tendency also in the 
apricot for the buds to be arrested in early stages. On the whole, the 
Winters peach mosaic is distinctly milder on apricot than on peach. 
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No flower or fruit symptoms have been recognized on apricots. 

The Winters peach mosaic on apricot is distinguishable from the dis¬ 
ease mentioned earlier in this paper (p. 625) by greater severity of 
symptoms and by the failure of the latter to affect peach. 

Only a few almond trees that appear to be affected by Winters peach 
mosaic have been found in orchards, and the identity of the disease on 




'i:. 


Fig. 7.—Dwarfing and malformation of Muir pearh fruits from trees naturally 
infected by Winters peach mosaic. 

these is in some doubt. In these cases, part of tlie leaf blaile or all of it 
is strikingly chlorotic in early spring (fig. 8, />), and later, compact tufts 
of leaves appear somewhat similar to those sometimes seen on peach, but 
larger. 

The fruits of these trees are irregular in .shai)e, but somewhat similar 
fruits are rather common in central (kilifornia on ti*ees not always dis¬ 
playing any otlier symptoms. 

Symptoms on Texas and seedling almond trees inoculated in the 
greenhouse with the Winters-peach-mosaic virus from i>each or apricot 
vary from mild to severe, consisting in chlorotic spots on young leaves 
and tufting of older leaves which are often undulant and laterally 
curved as on some of the trees in the orchai*d. There is a tendency here 
also for arresting of the buds (fig. 9), which may die afterward or de¬ 
velop slowly into distijict rosettes. 
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Fig. 9.—^Winters peach mosaic on almond seedlings produced by 
inoculation in greenhouse. The larger plant was inoculated at the point 
indicated by the arrow on June 15, 1937, and photographed on Febru¬ 
ary 23,1938. Only the buds beyond the point of inoculation show symp¬ 
toms. The plant at left is affected throughout and is in a more advanced 
stage of growth. 

Symptoms of the Winters peach mosaic on plants other than peach, 
almond, and apricot have been seen only on plants inoculated and kept 
in the greenhouse. Some will be mentioned in tlie following sections. 

Sap and Temporary Inarching Inoculations with Peaches ,—A num¬ 
ber of experiments were made in which alfected peach leaves were ground 
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in a mortar in water alone or in water plus various materials, such as 
agar, gelatin, gum acacia, and the natural gums of several stone fruits. 
The sap was then rubbed on young peach leaves using carborundum {9) 
as an abrasive. The results to date, involving 61 trees, liave been uni¬ 
formly negative. 

In a single experiment 5 healthy peach seedlings were inarched on 
diseased plants and bound with rubber budding tape in the same way 
that other inoculations were made except that no wax was used. The 
inoculated plants were detached after 79 hours, and the wounds were 
covered with a proprietary grafting tape. At the end of 32 weeks no 
infection was ai)parent on these plants. For a peach mosaic from Colo¬ 
rado, Kunkel {?) has recently shown that infected buds must be left in 
inoculated plants for a minimum of 2 days in order to produce infection. 

Grafting Inoculations with Peaches .—The Winters peach mosaic was 
transmitted readily from peach to peach in Ihe greenhouse by buds, 
scions, or inarches, not often failing even when the inoculum did not 
survive, as was frequently the case with diseased buds. The minimum 
incubation period observed was slightly less than 4 weeks. 

Grafting Inoculations with Belated Species .—Although it does not 
necessarily follow that a susceptible plant vdll become inoculated under 
natural conditions, for several reasons it is desirable to know, as far as 
possible, the range of susceptible plants, particularly for a disease likely 
to be dealt with by eradication. Accordingly, inoculations on a small 
scale were made on a considerable number of species more or less related 
to peach. In distantly related plants, and in most of the others, inarch¬ 
ing was used as the method of grafting. With this method, graft unions 
can be obtained which would not be possible with buds and scions. Pre¬ 
sumably also this method exjmses the test plant to a greater mass of 
inoculum. It is not possible in all eases, however, to determine whether 
a union has been made even when both plants produ(»e abundant callus. 
Neither has an actual growth union been shown beyond question to be 
essential for the transmission of this disease. At any rate, negative re¬ 
sults are held as doubtful unless a definite union was established. 

Infection with Winters peach mosaic was obtained with about equal 
facility from peach to aiDricot and apricot to peach as from peach to 
peach. Infections have been obtained from both peach and apricot to 
almond but with more difficulty. Symptoms in the almond were slow in 
developing, in some cases severe (fig. 9), but frequently mild in the end; 
a few failed to develop any marked symptoms even after the virus had 
been recovered from them by inoculation to peach or other plant. 

Symptoms sometimes appear above and below the point of inoculation 



640 


Hilgardia 


[VoL. 12, No. 10 


at about the same time, but more often they appear first above. In sev¬ 
eral almonds inoculated with Winters-peach-mosaic virus early in 1937, 
strong symptoms appeared in the spring of 1938 in all leaves distal 
to the point of inoculation but not elsewhere on the plants during 1938 
(fig. 9). However, the virus was demonstrated in 7 of 10 scions taken 
from seemingly healthy parts of such plants on July 11, 1938. 

Although several almond trees, and one in particular, have been seen 
in the orchard which seemed to be affected by the same disease, several 
attempts to produce the typical disease in peach or apricot by inocula¬ 
tion from such almonds have yielded inconclusive results. When scions 
from the most severely affected almond tree found in the orchard (fig. 8, 
B) were grafted on peach or almond in the greenhouse in March, 1937, a 
few leaves on the stocks of both peach and almond bore symptoms a few 
weeks later which resembled those of the t 5 ’^pieal disease, but the symp¬ 
toms did not persist, and some of these plants appeared to be healthy 
as late as July, 1938. 

Inoculation of plants of the desert peach, Prunus Andersonii, grow¬ 
ing on their own roots has thus far failed to produce symptoms even when 
they made good graft unions and were left exposed to the inoculum for 
several months. But 2 of several scions taken from that part of an inocu¬ 
lated plant distal to the point of inociilation and grafted on healthy 
peach seedlings in 1937 developed very pronounced symptoms in the 
spring of 1938 (fig. 10) consisting in compact tufts of small leaves and 
suppression of shoot growth. 

Of 7 cherry trees (Prunus avium) inoculated in March and June, 
1937, one began to develop dwarfed and distorted leaves 2 months after 
inoculation and in the spring of 1938 was severely affected with mostly 
small pale leaves slow in appearing and with no shoot growth. The virus 
was recovered from this plant by inoculation to peach. Doubtful symp¬ 
toms were seen on 2 of the other cherry trees, but attempts to recover 
the virus from them have not thus far been successful. 

Small-scale attempts to infect Prunus cerasifera (myrobalan), P. 
domesiica (Sugar prune and Tragedy plum), P. ilicifoJia, and P. lusi- 
tanica seem to have failed as have attempts to recover the virus from 
myrobalan and Sugar prune. 

Prunus Mume was infected by inoculation from apricot with symp¬ 
toms resembling those of the apricot. 

Inoculation of cultivated strawberry and red raspberry failed to 
produce symptoms. No attempt was made to recover the virus. 

The single-flowered type of Kerria japonica inoculated in 1937 de¬ 
veloped a rather indefinite mottling of the foliage in 1938 hardly suffi- 
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cient to remove the plant from the symptomless-carrier class, but the 
virus was recovered readily from this plant by inoculation to peach 
seedlings. 

This virus was transmitted with some difficulty to Gloire des Roso- 
manes (Bagged Robin) rose (2 of 6 inoculated plants) but with very 



Fig. 10.—At left, Winters peach mosaic on desert peach, Prunus Andersonii, 
grafted on peach seedling root. At right, the P. Andersonii plant from which 
the affected scion at left was taken has no symptoms. 


pronounced symptoms on those plants that became infected. A charac¬ 
teristic noted on plants of other species affected by this disease but 
more conspicuous on the rose, is the tendency for extremely chlorotic 
areas to develop considerable green pigment with advancing age of the 
leaf. Some details of symptoms are treated in the accompanying paper 
on mosaic disea.ses of the rose (13). 

Attempts to Induce Immunity .—When it became apparent that the 
desert peach, Prunus Andersonii, did not develop symptoms within sev¬ 
eral months after inoculation with Winters-peach-mosaic virus, and 
that the virus did not seem to pass readily through this plant, shoots of 
affected cultivated peach trees were inarched in 1937 on plants of P, 
Andersonii and later detached so that they were entirely supported by 
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the latter. Six such combinations survived the following winter of 
1937-38. The peach scions in 3 of these cases died the following spring 
without producing new leaves. Two others exhibited symptoms, at least 
one of them as severe as with peach on peach root. A single scion re¬ 
mained healthy throughout 1938 but possibly for the reason that it had 
not yet been invaded by the virus at the time it was detached from the 
parent plant. None of the P. Andersonii plants in this group, however, 
bore symptoms up to December, 1938, nor have any others of this species 
while growing on their own roots, although infection has been obtained 
in P. Andersonii growing on peach roots. This may or may not be 
comparable to the interesting case of apparent recovery of diseased 
scions when grown on resistant or immune stocks which has been re¬ 
ported for tlie bunch disease of pecan (5). 

As a result of cross-infection experiments and the types of symptoms 
displayed, the following diseases were seleeled to use in attempts to 
immunize peach seedlings against the Winters peach mosaic: almond 
calico, cherry mosaic 1, Vacaville plum mosaic, and the Standard prune 
mosaic. Twelve, 14, 10, and 10 seedling peach trees, respectively, were 
inoculated with these diseases by scions or by inarching in October, 1937, 
and after overwintering were inoculated by buds carrying the Winters- 
peach-mosaic virus inserted near the ground line in March, 1938. While 
this experiment is not entirely concluded at the time of writing, 6, 6, 7, 
and 5 plants, respectivelj'^, in the 4 groups have developed symptoms of 
the Winters peach mosaic, and no clear reduction in severity Inis been 
noted. 

DISCUSSION 

A determination of the severity of the mosaic diseasi's discussed in this 
paper will involve not onlj" the inoculation of varieties and species re¬ 
lated to those in which the diseases occur naturally but also the grow¬ 
ing of affected trees under orchard conditions known to be relatively 
favorable for the growth of the particular trees under consideration. 
In many cases, moreover, the trees must be kept under observation for 
several years, for a slow decline may easily pass unnoticed but eventually 
cause more loss than a disease which kills the trees in a single sea.son. 

The relation of these diseases to each other and to those in other states 
and countries is in some cases uncertain. The confused state of the 
knowledge of such diseases is illustrated by recent jjapers from central 
Europe {2). A final determination of the relation between similar dis¬ 
eases in different localities would often require the comparison of in¬ 
fected plants side by side grown under the same conditions. This is not 
feasible with anything short of equipment for complete isolation. 
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Symptoms on the several species and the results of cross-inoculations 
indicate that almond calico, cherry mosaic 1, and the Winters peach 
mosaic may be related, but certain of the symptoms and the results of 
an immunization experiment seem to show that they are not identical. 

The control of these diseases in established orchards whenever deemed 
necessary will no doubt consist chiefly in the eradication of affected 
trees, as is the case with other virus diseases of fruit trees. In a few in¬ 
stances, however, there is evidence that spread of the diseases in the 
orchard may be less important than that in the nursery. At any rate, a 
complete control program must inevitably involve the use of scion wood 
from trees which are carefully examined at several seasons of the year 
for symptoms of virus diseases. 

SUMMARY 

One disease or more of the mosaic type have been found in central Cali¬ 
fornia affecting each of the following species of Prunus: P. Armeniaca, 
P. avium, P. cerasifera, P. Cerasus, P. communis, P. domcstica, P. 
Mahaleh, P. Pcrsica, P. salicina. These vary in effect upon the known 
suscepts from mild to severe. Symptoms are described and illustrated. 

A mosaic of Prunus aiu'uni, designated as “cherry mosaic 1,” is rather 
widely distribul ed in the state and is transmissible to P. Pcrsica and ap¬ 
parently to other species. 

Almond calico is transmissible to Prunus avium and P. Pcrsica with 
rather strong symptoms on cherry. 

At least two mosaic diseases were found in Japanese plum, Prunus 
saJicina. One of these, the Vacaville plum mosaic, on the Santa Rosa 
variety was transmitted to peach seedlings. 

Mosaic diseases of Standard and Sugar prune (Prtinus domestica) 
are similar in certain sj'inptoms but the evidence to date indicates that 
they are not identical. The disease of Standard prune was transmitted 
to peach. 

A mosaic of Prunus Pcrsica, known thus far only in one locality at 
Winters, is designated “Winters peach mosaic.” It is in many respects 
similar to the mosaic of peaches in Texas, southern California, and else¬ 
where. This disease occurs naturally on peach, apricot, and probably on 
almond. It has been transmitted by grafting to Prunus Andersonii, P. 
Armeniaca, P. avium, P. communis, P. Mume, Kerria japonica, and 
Rosasp. (Ragged Robin). 

An attempt to immunize peach seedling trees against the Winters 
peach mosaic by the use of several milder mosaic viruses was not suc¬ 
cessful. 



644 


EUgardia 


[ VoL. 12, No. 10 


LITEEATURE CITED 

1. Bodine, E. W. 

1936. Peach mosaic disease in Colorado. Colorado Agr. Exp. Sta. Bui. 421:1-11. 

2. Christofp, Alexander. 

1938. Virus diseases of the genus Prunus in Bulgaria. Fhytopath. Zeitschr. 
11:360-422. 

3. Cochran, L. C., and Lee M. Hutchins. 

1938* Further studies on host relationships of peach mosaic in southern Cali¬ 
fornia. Phytopathology 28:890-92. 

4. Cochran, L. C., and Clayton O. Smith. 

1938. Asteroid spot, a new virosis of the peach. Phytopathology 28:278-81. 

5. Cole, J. B. 

1937. Bunch disease of pecan. Phytopathology 27:604-12. 

6. Hutchins, Lee M., E. W. Bodine, and H. H. Thornberry. 

1937. Peach mosaic, its identification and control. U. S. Dept. Agr. Cir. 427: 
1-48. 

7. Kunkel, L. O. 

1938. Contact periods in graft transmission of peach viruses. Phytopathology 
28:491-97. 

8. Bawlins, T. E., and W. T. Horne. 

1931. “Buckskin,” a destructive graft-infectious disease of the cherry. Phyto¬ 
pathology 21:331-35. 

9. Bavtlins, T, E., and C. M. Tompkins. 

1936. Studies on the effect of carborundum as an abrasive in plant virus 
inoculations. Phytopathology 27:578-87. 

10. Beeves, E. L. 

1935. Mottle leaf of cherries. Washington State Ilort. Assoc. Proc. 31 st Ann. 
Meet. p. 85-89. 

11. Thomas, H. Earl, and E. M. Hildebrand. 

1936. A virus disease of prune. Phytopathology 26:1145-48. 

12. Thomas, H. Earl, and L. M. Massey. 

1939. Mosaic diseases of the rose in California. Hilgardia 12:647-63. 

13. Valleau, W. D. 

1932. A virus disease of plum and peach. Kentucky Agr. Exp. St. Bui. 327: 
89-103. 

14. Zeller, S. M. 

1935. Cherry mottle leaf. Oregon State Hort. Soc. Proc. 26 Ann Bept. 1934: 
92-95. 



MOSAIC DISEASES OF THE ROSE 
IN CALIFORNIA 

H. EARL THOMAS AND L. M. MASSEY 




MOSAIC DISEASES OF THE ROSE 
IN CALIFORNIA 

H. EARL THOMAS* and L. M. MASSEY* 

About a quarter of a century before virus diseases as such began to be 
recognized, evidence of graft transmission of a chlorosis of the rose was 
recorded in France (^5).‘ However, mosaic as a disease of importance in 
rose culture did not attract attention until about 1928 (14). Mosaic then 
for several years excited an unusual amount of comment and contro¬ 
versy (7,8,18) which has been only partially justified by more extensive 
observations and experiments (7, 13, 17). It is now apparent, at any 
rate, that the rose may be affected by virus diseases of some importance 
and may serve as a potential source of virus for other plants {10). 

The material presented in this paper relates to the mosaic type of 
disease only. The necrotic diseases reported from the eastern United 
States {2) and abroad (4, 5) have not been found in California. 

SYMPTOMS 

As early as 193.1, evidence began to appear in this work indicating that 
not one mosaic disease occurs among the cultivated roses but several. 
Since some of these were not recognized as distinct until recently, it will 
not be possible to treat them separately throughout this paper. For con¬ 
venience these will be designated as “rose mosaic 1,” “rose mosaic 2,” and 
“rose mosaic 3,” and the corresponding viruses distinguished by their 
respective numbers. 

In roses grown out of doors, lime-induced chlorosis without malforma¬ 
tion is rather common, notably in the Santa Clarji Valley. In such cases 
the leaf blade becomes uniformly yellow rather than mottled. This may 
obscure or inhibit development of symptoms of the mosaic diseases and 
may in some cases be confused with them. Diagnosis in the field is also 
complicated very frequently by insect injury (71, particularly that pro¬ 
duced by leafhoppers. 

Types of variegation are eneouutered occasionally, which appear to 
be entirely genetic in origin. Scions of one such rose (fig. 3, A) were 
grafted on liosa odorata and kept under observation for several years. 

^ Received for publication F( 3 l)riiary 28, 1939. 
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No evidence of transmission to the stock nor of change in symptoms 
toward those of the infectious mosaics was ever noted. 

Bose Mosaic 1 .—This disease on such cultivated varieties as Holly¬ 
wood, Pilgrim, and Premier Supreme (fig. 1) produces small chlorotic 
spots somewhat angular or fringed in appearance due to the clearing of 
small veins and veinlets adjacent to the spot proper. The chlorotic areas 



Fig. 1.—Bose mosaic 1 in leaves of the Hollywood variety. 


are more numerous at or near the midvein and often appear in greater 
numbers near the base of the leaflet. The leaf blade around the spot is 
often more or less distorted. Occasionally pale bands or lines appear on 
leaves of affected plants, more often out of doors, but it is not known 
whether these are symptoms of mosaic 1. There may be no reduction in 
vigor or the plant may be slightly to severely dwarfed, according to the 
variety and, no doubt to some extent, to the growing conditions. On the 
four common stocks Bosa chinensis var. Manetti, B. multifiora, B. odor- 
ata, and Gloire des Rosomanes (better known in California as “Ragged 
Robin,” which term will be used hereafter in this paper), the symptoms 
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are mild, seldom exceeding in severity the small chlorotic flecks shown 
in figure 2. Blossoms of the top varieties may be normal or nearly so in 
appearance or severely dwarfed and pale in color. Usually a part of the 



Pig. 2.—Kose mosaic 1 in Kosa multiflora. Only a few 
chlorotic spots are present. 


corolla is attenuated, leaving the flower niisymmetrical and of little 
commercial value. Rose mosaic 1 seems to be the principal mosaic dis¬ 
ease of roses grown under glass, whereas mosaics 2 and 3 are more fre- 


Fig, 3.— A, Two small rose leaves representing a noninfectious variega¬ 
tion; By rose mosaic 2 in Belle of Portugal; C, rose mosaic 2 in Bona 
odorata; D, rose mosaic 3 on B, chinensis var. Manetii. Note the oak-leaf 
pattern on leaves in B and 1). 
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quently noticed in plants grown in parks and gardens. Mosaic 1 has been 
seen in gardens and nurseries, however, and may be more generally 
prevalent out of doors than is indicated by the observations to date. Only 
a very detailed survey early in the season could determine this point 
with certainty. 

Rose Mosaic 2 ,—The disease designated as “rose mosaic 2” was first 
observed in tfie variety Cecile Brunner in a city park at San Jose. Al- 



Fig. 4.—Rose mosaic 3 in Ragged Robin. 


thougfh somewhat variable in symi)tom expression even on the same 
plant, it is typically eharaetcrizecl in such varieties as Belle of Portugal, 
Cecile Brunner, Ilollj'wood. and Independence Day by chlorotic lines, 
bands, and broad blotches in the leaf blade with or without distortion 
(figs. 3, B, C, and 5, A). The symptoms, on the whole, are distinctly 
more conspicuous than those of mosaic 1 on both top varieties and stocks. 
In some eiuses the disease seems to dwarf the plants somewdmt; in others 
little or no dwarfing is apparent. No specific symptoms of blossoms have 
been noted for this disease. 

Rose Mosaic 3 .—Specimens of diseased plants designated as “rose 
mosaic 3” w'ere obtained in the variety Souvenir de Claudius Pernet 
from a garden in Sacramento through the courtesy of D. G. Milbrath. 
Mosaic 3 produces symptoms on the four common stocks which are simi¬ 
lar to those of mosaic 2 but on the whole are more severe, in some cases 
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Fig. 5,— A, Bose mosaic 2 in Hollywood variety (pair of leaflets) ; B, apple 
mosaic in same variety; C, rose mosaic 3 in same variety, showing mottling and 
severe distortion. 
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causing distinct dwarfing. There is also more tendency toward broad 
chlorotic blotches in the leaf blade and few lines and rings (figs. 3, D, 4, 
and 5, C). Occasionally a conspicuous oak-leaf pattern (fig. 3, D) is pro¬ 
duced, and not infrequently part or all of a leaf may exhibit a pro¬ 
nounced clearing of the veins while other leaves on the same plant bear 
the more common symptoms. 

Other Mosaic Diseases Transmissible to Roses .—In addition to the 
three rose mosaics described above, the common apple mosaic is trans¬ 
missible to rose {10) producing symptoms on Belle of Portugal similar to 
those of mosaic 2 but with the tendency, much more pronounced in Hol¬ 
lywood and Independence Day, toward marked constriction and chloro¬ 
sis in a fairly definite broad band across and near the middle of the leaf¬ 
let blade (fig. 5, B). Flowers of the Hollywood variety affected by the 
apple mosaic are reduced in size, and the color is lighter than normal. 

Also may be mentioned here the symptoms on the rose of a peach mo¬ 
saic collected at Winters, California. This mosaic is similar to but distinct 
from the mosaic of peach reported from Texas, Southern California, and 
elsewhere (11). The Winters peach mosaic inoculated to rose by inarch¬ 
ing has produced marked chlorosis in leaves of Ragged Robin, some¬ 
times rather general (fig. 6, A), but often limited to shorter or longer 
cleared areas along the larger veins. On Rosa odorata a few pale-green 
lines and rings w'ere produced a few weeks after inoculation but these 
faded and did not reappear on new leaves up to more than a year from 
the time of inoculation. Symptoms of this disease on the Hollywood va¬ 
riety are similar to those on Ragged Robin, but less severe. 

Several cases have come to notice which suggest the presence of still 
other diseases, but the relation of these to the diseases designated above 
has not been sufficiently tested to permit any conclusions. Among these 
is a specimen of Independence Day growing in a garden in Oakland, 
with vein clearing as the only symptom. This “was grafted on Rosa chi- 
nensis var. Manetti and kept at Berkeley for more than a year alter¬ 
nately in the greenhouse and out of doors but remained free, or virtually 
so, of any other symptom and produced no symptoms on the R. chinensis 
var. Manetti hUk-Il. 

PLANTS AFFECTED 

The symptoms of rose mosaic 1 have been seen by us or illustrated by 
earlier workers (7, 16) on the following rose variet ies: American Beauty, 
Angele Pernet, Autumn, Better Times, Briarclitf, Feu Joseph Looy- 
mans, Gruss an Coburg, Hollywood, Ilortulanus Budde, Madame But¬ 
terfly, Matchless, Mrs. F. R. Pierson. Pilgrim, Pi*emier, Premier Su¬ 
preme, Radiance, Rapture, Red Radiance, Ro.se Hill, Southport, and 



654 


MUgardia 


[Vox,. 12, No. 10 


Ulrich Brunner. The symptoms on Ulrich Brunner were seen out of 
doors and consisted of numerous small chlorotic spots with little ten¬ 
dency to be aggregated near the midvein or to produce distortion of the 
leaflet. These symptoms persisted on this variety in the greenhouse, but 
when such material was used to inoculate Hollywood, the latter devel¬ 
oped symptoms which seemed typical of mosaic 1. A considerable num¬ 
ber of other varieties liave been listed by earlier workers as subject to 
rose mosaic and some of them are no doubt affected by the disease here 
delimited as rose mosaic 1. 

No attempt is made at present to classify the above varieties or those 
to follow according to the severity of the disease. It is apparent, how¬ 
ever {17), that differences in susceptibility do exist among varieties. For 
example, the variety Mrs. Charles E. Russell was inoculated with each of 
the viruses 1, 2, and 3. Only mild symptoms, at most, were produced by 
any one of these. Mosaic 1 in Independence Day produced no symptoms 
at all, although the virus was shown to be present. 

Among the stocks. Ragged Robin seems to be more affected than Rosa 
chinensis var. MancUi, with R. Multiflora and R. odorata intermediate 
between them. 

Potted plants of the native species Rosa calif arnica, R. gymnocarpa 
and R. nutkana were inoculated in the greenhouse by inarching on af¬ 
fected plants of cultivated varieties. No symptoms have been seen on the 
inoculated plants up to 12 months from the time of inoculation. At¬ 
tempts to recover the virus from these have not been completed. A similar 
result was obtained with seedling of R. Soulieann. 

Because of the similarity of symptoms of the other two mosaics, the 
probability of considerable variation in symptoms of each of them in 
different varieties, and the fact that most of the field observations were 
made before the distinction between rose mosaics 2 and 3 became appar¬ 
ent, all of the rose varieties which were noted as exhibiting chlorotic 
lines, bands, and broad blotches in the leaf blade are here grouped to¬ 
gether. They are: Belle of Portugal, Briarcliff, Cecile Brunner, Dazla, 
Dorothy Perkins, Duchess of Wellington, Duchess of York, Etoile de 
Hollande, General MacArthur, Golden Dawn, Golden Ophelia, F. J. 
Grootendorst, Hadley, Hollywood, Independence Day, Irish Elegance, 
Irish Fireflame, Kaiserin Auguste Viktoria, Lady Margaret Stewart, 
Los Angeles, Louise Catherine Breslau, Mme. Edouard Harriot, Mme. 
la G4nerale Ardouiii, Mrs. Aaron Ward, Mrs. E. P. Thom, Mrs. Henry 
Bowles, J. Otto Thilow, Paul’s Scarlet Climber, Pink Cherokee Rose, 
Queen Alexandra, Souvenir de Claudius Pernet, Sparkler, Sunkist, 
Talisman, Ville de Paris, and William F. Dreer. It is entirely possible 
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that some of the varieties listed here were affected by diseases other than 
mosaics 2 and 3 and not yet differentiated from them. 

The four common stocks are readily infected by rose-mosaic viruses 2 
and 3. The symptoms of both diseases are somewhat less conspicuous on 
Bosa chincnsis var. Manetti than on R. odorata and Ragged Robin. One 
strain of R. multifiora produced mild symptoms with mosaic 3 and some¬ 
what stronger mottling with mosaic 2. A variety received under the 
name R. multiflora Grifferaie developed strong symptoms with mosaic 3. 

Plants of the native species Rosa californica and R. nutkana inocu¬ 
lated with rose mosaics 2 and 3 by inarching have not shown any symp¬ 
toms up to 18 months after inoculation. 

The apple mosaic has been seen by us only on the rose varieties Belle 
of Portugal, Hollywood, and Independence Day inoculated in the green¬ 
house. The susceptibility of Cotoneaster Harroviana, Eriohotrya ja- 
ponica, Photinia arhutifolia, and Sorhus pallescens to apple mosaic after 
inoculation by grafting has been pointed out in an earlier paper (10). 
Since that time striking symptoms have been obtained by inoculation on 
Pyrus spectabilis, and mild symptoms on a Sorbus purchased under the 
name 8. sitchensis but in appearance suggesting 8. aucuparia. 

The Winters-peach-mosaic virus appears from inoculation tests to 
have a rather extensive range of .susceptible plants including apricot, 
almond, and peach, as well as the roses that have been infected by inocu¬ 
lation. No symptoms have been found on a number of rose varieties 
growing in a garden adjoining a peach orchard in which this disease has 
been present since 1936 or earlier. Attempts to transmit this disease 
from poach to Rosa californica, K. multiflora, and R. nutkana have not 
produced visible symptoms. 

Small-scale attempts were made to transmit viruses 1, 2, and 3 to 
I)each seedlings by inarching (8 plants all told). Symptoms on the 
peaches were doubtful at most, and attempts to recover the viruses have 
failed. 

Seedling apple trees were likewise inoculated with viruses 2 and 3. 
No evidence of infection with rose mosaic 2 was apparent up to 14 
months from the time of inoculation. Of ten plants inoculated with virus 
3, only one developed marked mosaic symptoms the following spring, 
similar in some respects to the common apple mosaic but lacking the 
pronounced vein clearing of that disease and tending more toward the 
production of chlorotic lines and rings (fig. 6, B). The apple variety 
Golden Delicious, which is highly susceptible to the apple mosaic, did 
not develop any clear symptoms during 15 months after inoculation 
with virus 3 by inarching with the affected apple seedling. 



Fig. 6.— A, Symptoms of Winters peach mosaic in Ragged Robin rose 
produced by inoculation in greenliouse; B, rose mosaic 3 in seedling apple 
leaves. 
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BASIS FOR THE SEPARATION OF DISTINCT MOSAIC 
DISEASES IN THE ROSE 

The tendency has been in the past to group all the mosaic symptoms of 
the rose together as representing a single disease, although several work¬ 
ers have apparently suspected the existence of more than one disease 
{3, 16). It is desirable, therefore, to present more specific evidence in 
support of the above designation of separate diseases. 

Rose mosaic 1 is readily separable from the other diseases considered 
here by symptoms alone, as well as by the results of inoculations of key 
varieties and species. Evidence of the latter kind was obtained by graft¬ 
ing scions affected by this disease on healthy plants of Cecile Brunner 
and Independence Day. Such combinations have been grown for as long 
as four years without the development of any definite symptoms on these 
two varieties. On the other hand the same varieties develop strong 
symptoms when inoculated with virus 2. 

The separation of mosaics 2 and 3 is more difficult. Both these diseases 
and the mosaics of apple and peach may at times produce symptoms on 
roses which are very similar. On the variety Hollywood, rose mosaics 2 
and 3 may be distinguished fairly readily by symptoms alone when com¬ 
pared side by side under similar environment (figs. 5 A, C). The reac¬ 
tion of Belle of Portugal is also of assistance. With the onset of disease 
in this variety, rose mosaic 3 produces short necrotic lines or bands along 
and including the mid-vein and larger lateral veins of younger leaves 
and later considerable distortion of the leaf blade. The disease then be¬ 
comes systemic and produces largely chlorotic symptoms. This reaction 
has not been noted with mosaic 2 nor with the apple mosaic in this va¬ 
riety. Also the Souvenir de Claudius Pemet variety, which is one of the 
most susceptible to mosaic 3 of those tested, has failed to show any symp¬ 
toms of mosaic 2 up to 18 months from the time of inoculation. 

The apple mosaic is separable from the others by the extremely slow 
rate of development in the rose, requiring 20 to 27 months to produce 
symptoms 6 inches below the point of inoculation. The symptoms of this 
disease are also distinctive in certain respects, notably in the varieties 
Hollywood and Independence Day (fig. 5, ZJ), in which the chlorosis and 
constriction in a localized area across the leaflet is frequently seen. 

The Winters peach mosaic may be separated from rose mosaics 2 and 
3 by the apparent failure of viruses 2 and 3 to infect peach, the absence 
of lines and rings when the peach virus is in Hollywood and Ragged 
Robin, the presence of discontinuous chlorotic bands along the veins, 
and the marked tendency of chlorotic areas to become green with age. 
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RELATION OP STOCKS TO DISEASE IN SCION VARIETY 
In a preliminary trial, scions of Pilgrim and Premier Supreme affected 
by rose mosaic 1 were grafted on the stocks of Bosa chinensis var. Ma- 
netti, B. multiflora, B. odorata, and Ragged Robin. Although some of 
these plants were kept under observation for several years, there was 
no indication that the stock influenced the severity of the disease in the 
scion variety. 

That such a case may be found, however, is indicated by the fact that 
Belle of Portugal, affected by mosaic 2 and grown on its own roots, has 
shown less severe symptoms than the same variety with the same disease 
grown on Bosa chinensis var. Manetti and Ragged Robin rootstocks. 

SYMPTOMLESS CARRIERS 

As is the case with many mosaic diseases, all of those under considera¬ 
tion here may fail to exhibit symptoms in some or all of the leaves of an 
affected plant at any given time. With all except rose mosaic 1, symp¬ 
toms seem to be favored by relatively low temperatures and tend to be 
masked at higher temperatures. No controlled experiments have been 
made on this point, however. Mosaic 1 is often masked for considerable 
periods in the common rootstocks. A few instances have been noted in 
which top varieties (Cecile Brunner, Independence Day, Mrs. Charles 
E. Russell, Souvenir de Claudius Pernet) have been exposed by grafting 
to virus 1 and kept so for many months (as much as four years) without 
exhibiting symptoms at any time. In one such case, the virus was recov¬ 
ered from a plant of Independence Day by grafting a healthy Hollywood 
scion on the side opposite the point of inoculation. The Hollywood scion 
promptly developed symptoms showing that the virus is at least able to 
pass through the Independence Day. 

DISSEMINATION 

Beyond budding and grafting, the method of spread of the mosaic 
viruses in the fields and greenhouses is not known. Particular emphasis 
has been placed by several workers on the shipment of rootstocks as a 
means of dissemination. This is no doubt of some importance, particu¬ 
larly with virus 1 which, at the most, produces relatively inconspicuous 
symptoms on the common rootstocks. Surveys in the field are not likely 
to be of much assistance in determining the prevalence of rose mosaic 1 
in the stocks unless these are already budded to the more susceptible top 
varieties. In the course of this work, 3 lots of Bosa chinensis var. Manetti 
and 1 each of B. odorata, B. multiflora, B. Multiflora Grifferaie, and 
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Bagged Bobin have been used in various experiments, including graft¬ 
ing to healthy top varieties, "without any evidence that any of them had 
previously been infected by mosaic 1. 

Some observations indicate, on the other hand, that the budwood of 
the top variety has not received sufficient attention as a source of virus 
{13, IS). For example, in a nursery where the plants were budded in 
place in the nursery row, rose mosaic (2 or 3) occurred in groups of 3 
to 5 consecutive plants in the row, each group representing about the 
number that would result from a single bud stick. Also may be cited the 
case of a grower of roses in greenhouses who made a particular effort 
about five years ago to secure mosaic-free rootstocks. This was appar¬ 
ently done, since these stocks have been grown at Berkeley for several 
years both with and without grafting to healthy top varieties and have 
never produced any mosaic symptoms. Nevertheless, mosaic 1 continues 
to be more or less prevalent in some of the varieties raised by this grower. 

One grower pointed out a fact which has probably led to the selection 
of diseased plants, in some eases, as sources of budwood. An experienced 
rose grower is able to detect at an early stage the defective buds that 
appear on affected plants (mosaic 1). Whether or not he is aware of 
mosaic, these buds are removed in the hope that the plant will produce 
other normal buds before the cutting season is past. In a variety that is 
not greatly reduced in vigor by the disease, this practice leaves the af¬ 
fected plants at the end of the harvest season larger and more vigorous 
in gross appearance than adjacent healthy plants which have been 
heavily cut for the flowers, and leads in some cases to the singling out of 
these diseased plants as a source of buds for propagation. 

HEAT TREATMENTS OP AFFECTED CUTTINGS 

Although exposure to high temperatures has been used successfully in 
only a few cases (ff) in inactivating virus in vegetative plant parts, this 
remains the only method of any particular promise. One test with nega¬ 
tive results has been reported for rose mosaic (.9). The results obtained 
at the California Agricultural Experiment Station with roses are nega¬ 
tive thus far and will be treated as briefly as is feasible. 

Virus 1 sur^'ived the following three treatments when the cuttings 
did; but many of the cuttings died. 

a) Cuttings were planted in a cutting box in sand held at approxi¬ 
mately 30° C. The cuttings were completely covered by the sand for 
initial periods of 11 and 26 days and then uncovered at the tip, followed 
in the latter case by an additional period of 53 days in the warm sand 
which dropped to about 28° C toward the end of the period. 
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5) Cuttings in moist sphagnum and wrapped in waxed paper were 
held for 9 and 14 days at 36° C. 

c) Cuttings were immersed in water at 45° C for 15 and 30 minutes. 

Cuttings exposed to an air temperature of 55° C for 30 and 60 min¬ 
utes did not survive. The cut surfaces were covered by an asphalt emul¬ 
sion during the treatment. 

Virus 2 survived in cuttings completely covered for 11 days with 
moist sand at 30° C. Cuttings with the basal ends in water exposed for 
15 and 30 minutes to an air temperature of 55° did not survive. 

Cuttings affected by mosaic 3 immersed in water at 45° C for 45 and 
90 minutes remained alive for as much as 4 weeks but all died without 
making any growth. 

DISCUSSION 

Since rose mosaic 1 seems to be the common disease of greenhouse roses 
capable of causing direct loss in yield of desirable flowers, and since the 
other diseases under discussion are sufiBciently conspicuous to be more 
easily avoided in the selection of cuttings and budwood of both stocks 
and top varieties, the former is in particular need of further study. The 
stocks grown out of doors are soon marked, more or less, by the feeding 
of leafhoppers and other insects. This obscures largely or entirely the 
symptoms which are, at best, discernible with difficulty by any means 
except grafting with a known susceptible variety. More specifically, the 
determination of the identity and habits of the vector of mosaic 1 seems 
imperative for any program looking toward the maintenance of disease- 
free stocks. 

In view of the number of distinct diseases which have emerged in the 
course of this work from a small number of collections, it seems prob¬ 
able that much is yet to be done in the separation of specific mosaic dis¬ 
eases of the rose and in the determination of their relation to diseases of 
other plants. 

The adoption of the somewhat paradoxical procedure of selecting a 
more susceptible stock may prove advisable in order to facilitate the 
eradication of rose mosaic 1 by roguing. The resistance of certain species 
and varieties to particular diseases, however, suggests the possibility 
that rose stocks maj’’ eventually be found which are not even symptom¬ 
less carriers of these diseases. 

For the immediate future, a more careful selection of budwood seems 
to be the obvious way of greatly reducing mosaic 1 in roses to be grown 
in greenhouses. Since this disease seems to spread relatively slowly in 
greenhouses where insect control is consistently practiced, the roguing 
out of diseased plants during the first season in the greenhouse is indi- 
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Gated. In a greenhouse where 50 per cent of the plants were infected 
originally, one worker has reported (1) the reduction of the disease to a 
minimum by roguing. Plants removed at an early stage can be replaced, 
or failing this the neighboring densely set plants will often occupy most 
of the available space or all of it. 

SUMMARY 

Three distinct mosaic diseases of the rose were found in central Califor¬ 
nia. These are designated as rose mosaics 1, 2, and 3. Methods for dis¬ 
tinguishing the diseases from each other are presented. In addition, 
roses were infected by inoculation with apple-mosaic virus and the virus 
of a disease of peach designated as “Winters peach mosaic.” 

The use of buds from diseased plants seems to be an important means 
of introducing the diseases. 

The virus of rose mosaic 1 survived heat treatments which were near 
the limit of tolerance of the rose cuttings. Virus 2 withstood exposure at 
30° C for 11 days. 
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THE ROLE OP SURFACE TENSION AND 
CONTACT ANGLE IN THE PERFORMANCE 
OF SPRAY LIQUIDS^ ’ 

WALTER EBELING* 

INTRODUCTION 

The wetting and spreading properties of spray liquids have been defined 
by Martin as follows: 

(a) Wetting properties are defined by the ability of the liquid to form a persist¬ 
ent liquid-solid interface when excess of liquid is drained from the surface and are 
assessed by the receding contact angle. Perfect wetting results when this angle is 
zero. (Cos0r = l.) 

(h) Spreading properties arc defined by the ability of the liquid to form a persist¬ 
ent liquid-solid interface solely by surface activity over the plain solid surface, and 
are a function of the advancing contact angle. 

Both wetting and spreading are functions of the contact angle, in one 
case the receding** angle, and in the other case the advancing angle. 

In the course of experimental work on the insecticidal eflSciency of 
various aqueous solutions the writer has become interested in tlie spread¬ 
ing and penetrating properties of the liquids as indicated by their ad¬ 
vancing contact angle. 

An attempt has been made to devise a means of contact-angle meas¬ 
urement which would combine practicability with the great accuracy 

’ Received for publication April 26, 1939. 

* Paper no. 402, XTniversity of California Citrus Experiment Station, Riverside, 
California. 

^ Assistant Entomologist in the Experiment Station. 

‘Italic numbers in parentheses refer to “Literature Cited” at the end of this 
paper. 

® When a drop of liquid is placed on a solid, it may either spread over the surface 
of the solid in a thin film or it may come to rest before spreading out into a film, in 
which case there is a contact angle between the surface of ^the liquid and the solid. 
This angle is called the advancing contact angle. If sufficient liquid is withdrawn 
from the drop ffattening it further, or if the drop is inclined the receding contact 
angle is formed. 
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necessary for measurements of the low contact angles common to all 
spray oils as well as to aqueous solutions with low surface tension. The 
present paper includes an explanation of this method and a presentation 
of results of e^>eriments relating to differences in the contact angles of 
various liquids; the influence of various types of substrata and the effect 
of the addition of solutes are also considered. 

The writer is aware of the fact that the static contact angle may not be 
an accurate criterion of the wetting and spreading ability of a liquid 
under the dynamic conditions existing when a spray is being applied. 
Ben-Amotz and Hoskins (5), by comparing the static and dynamic be¬ 
havior of oil emulsions on beeswax surfaces, have shown that although 
oil emulsions containing 0.0225 per cent sodium oleate have a much 
lower static contact angle than those with equivalent concentrations of 
blood albumin and hemoglobin, they do not wet as well when applied as 
a spray. 

Nevertheless, after a spray liquid is applied to a surface, its further 
spread and its penetration into masses of waxy threads, such as cover 
mealybugs and aphid colonies, or its penetration into the spiracles of 
insects, under the bodies of scale insects, and into plant tissues is influ¬ 
enced by its advancing contact angle under more or less static condi¬ 
tions. This follows from the laws of capillary flow, and can be proved 
experimentally, as will be shown later. Consequently, in connection with 
many of the entomological problems involving the use of sprays, con¬ 
tact angle is a good index of the physical qualifications of the spray 
liquid. 

PREVIOUS METHODS OP CONTACT-ANGLE 
MEASUREMENT 

Stellwaag (20) utilized a principle, worked out by H. P. Wilson (see 
Sulman, 21), in determination of the contact angles of various spray 
liquids on leaf surfaces and insect integuments. The liquid to be tested 
was placed in a container, and the solid (leaf surface, insect integu¬ 
ment, etc.) was attached to a device for holding it and dipping it into 
the liquid until the surface of the liquid was exactly horizontal at the 
point of contact with the solid. The image of the object was reflected on 
a mirror upon which was etched a protractor; from this the contact 
angle could be read. This method was adopted, with refinements, by 
English (5). 

O’Kane ei al. (17) devised a method of photographing a drop of spray 
liquid in contact with the integument of an insect or with any other 
solid. They were able to make a photograph six or eight seconds after a 



HTot,, 1989] SbeUmg: Performanee of Spray lAquida 007 

drop had been placed on a solid and to make subsequent photographs of 
the same drop at inteirvals of a few seconds. When the contact angle was 
measured, the negatives of the photographs, which were 24 x 36 n>T» in 
size, were projected on a screen, the image thus being enlarged about 
150 times the diameter of the original drop. The contact angle was then 
determined by drawing a tangent to the point of contact, liquid/solid, 
and measuring with a protractor the angle made with the solid by the 
tangent. BarteU and Merrill (i) have employed a similar method in 
measuring the contact angles of liquids in capillary tubes. 

The writer believes that the microprojeetion of liquid drops in the 
manner described in the present paper makes possible a simpler and 
more rapid method for the determination of static contact angle than 
the methods which have been employed to date. 

MICROPROJECTION OP DROP IMAGES 

The Principle of the Microprojector. —The apparatus to be described 
herewith is designated as the “Triple-Purpose Microprojector” (fig. 1), 
which was designed primarily for the projection of mounted specimens 
on slides. Images may be projected to a distance of from 4 to 15 feet; 
the range of magnifications is then from 30-fold to 230-fold. For draw¬ 
ing, however, a mirror reflects the image onto a notebook or sheet of 
paper directly below it. 

A lamp house containing a special 6-volt bulb is adjustably attached 
to the optical bed of the projector, and the condensing system is attached 
to the front of the lamp house. For the finer focusing, the objectives are 
held in a focusing mount operated by a handle traveling in a helical 
slot; for coarse adjustment, the entire objective holder is moved along 
the optical bed. This type of adjustment is needed for the accommoda¬ 
tion of objects other than microscope slides, the latter being inserted in 
a fixed position on an object stage rigidly attached to the optical bed in 
front of the lamp house. 

Adaptation of Microprojector for the Projection of Drop Images .— 
In figure 1 is shown the setup employed for the projection of liquid 
drops. A cork upon which is glued a platform for glass slides is held in 
place by a clamp adjustably connected with the vertical rod of a ring- 
stand and placed in front of the object stage, while the objective holder 
is moved along the optical bed to obtain the proper focus of the image. 
The object on which the drop is to be placed is put on the platform, which 
is very easily adjusted into a horizontal position with the aid of a level. 
In the present investigation, microscope slides were cut into halves 
lengthwise and, before being placed on the platform, the portion of the 
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slide to be used was coated with the desired substratum for the drop, 
such as beeswax, paraffin wax, leaf wax, or scale-iusect wax. Also a 
smooth piece of glabrous leaf, such as the portion between two parallel 
veins, was sometimes placed on the slide and held in place by thin pieces 
of glass which were in turn held in place by rubber bands. 



rig. 1.—Microprojector used to project the itnHge.s of liquid drops in 
contact-angle determinations. Description in tlio text. 


In the present mvestigation, the microprojector was elevated in posi¬ 
tion by placing it on a box so that the sheet upon which the image was 
reflected was 34 inches below the mirror; at this distance the image was 
magnified about 50-fold. 
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Liquids of high contact angle may be withdrawn from a flask by means 
of a small pipette, or by means of a splinter of wood tapering to a point 
about a half millimeter in thickness at one end. Drops with lower con¬ 
tact angle such as oil, or water with reduced surface tension, may be 
transferred by means of a ruling pen. By touching the substratum with 
the pen a drop of liquid can be deposited. This can gradually be in¬ 
creased to the desired size by repeatedly touching the same drop with the 
point of the pen. The volume of liquid given off by the pen can be con¬ 
trolled by a screw regulating the proximity of the spring blades of the 
pen. 

The image may then be traced when the drop has come to rest. The 
drop outline may be traced or points may be accurately placed on the 
sharply defined cnrx'^e outline. The contact angle of the drop will be at 
its maximum value, for the advancing contact angle is being measured. 
Evans and Martin (10) have shown that it is of little importance whether 
the advancing or receding equilibrium contact angles are used in com¬ 
paring wetting agents. 

It is convenient to trace the drop outline on cross-section paper, for 
one of the horizontal lines may then serve as a ba.se for the curve of the 
drop oulline. If the contact angle is to be derived mathematically, it is 
convenient to place the cross-section or coordinate paper so that one 
extremity of the cxirve will rest at the origin of the coordinate axes and 
the other extremity will rest on the X axis; thus, the coordinate values 
of different points may be read on the same paper on which the curve 
is traced. 

If the droplet is placed on the substratum on the platform held by the 
clamp as in figure 1, the temperature in the immediate environment of 
the drop is about 80° F. Careful observation of the drop image shows 
that there is no appreciable evaporation of aqueous solution during the 
time necessary to trace the image. Evaporation of spray oil is, of course, 
even less rapid. The fact that the temperature is fairly constant, despite 
minor variations in room temperature, is an advantage in experimental 
work. Considerable variation in temperature, however, has a very slight 
effect on contact angle. Du Noiiy (5, p. 29) states that at around 20° C, 
each degree of temperature added or substracted corresponds to a differ¬ 
ence of only 0.17 dyne in surface tension of an aqueous solution. With 
more viscous liquids, however, a more remote source of light might be 
an improvement over the present apparatus in order that heating of the 
solution above room temperature might be avoided. 
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MBASUEBMBNT OF CONTACT ANGLE 

Empirieal Methods.-^nob good definition of the outline of the drop of 
liquid projected by the microprojector can be obtained that the ourVe 
traced on the cross-section paper on which the image of the drop is pro^ 
jected is a very accurate representation of the actual curvature of the 
drop on the particular sutetratum in question. Any error in the measure¬ 
ment of the contact angle, therefore, must be that which is inherent in 
human manipulation. Differences as great as SH degrees were noted in 
measurements made by means of a protractor by various persons inde¬ 
pendently measuring the contact angle of a single drop outline. 

A greater magnification, as obtained by O’Kane et al. (17) by project¬ 
ing negatives of the drop images on a screen with a consequent magnifi¬ 
cation of the original drop of 150-fold, reduces the error of measurement 
but does not eliminate it, besides having the disadvantage of requiring 
special apparatus and delay in obtaining the required values. 

It appeared to the writer that accurate values could be obtained not 
from refinements in measuring technique, but from mathematical deri¬ 
vation. 

If distilled water is dropped on the surface of a cabbage leaf, the free 
surface of the water will describe a portion of an ellipse, the shape of 
which is affected by the side of the leaf upon which the drop happens 
to be placed (fig. 2, A and B). 

The influence of gravity diminishes as the drop becomes smaller. Even 
for comparatively large drops (about 5 mm in diameter) the deviation 
from the spherical shape caused by gravitation becomes less as the con¬ 
tact angle is reduced. As the height of the vertex of the drop becomes 
less, gravitational effect on configuration of the drop is correspondingly 
reduced, until when the drop has a contact angle of about 65® (fig. 2, 
C) the effect need not be considered for practical purposes, as will later 
be shown mathematically. 

The drop curvatures dealt with in connection with the present in¬ 
vestigation were in every case shown to be exact expressions of ellipse 
equations. This, in turn, suggested an exact method for the derivation 
of the contact angle. Since the general equation for the ellipse when its 
axis is parallel to one of the coordinate axes is Aa^ Bx Cj/* -f- Dy -f- 
K=^0, the equation for any given drop curvature may be calculated 
from the coordinate values of only four points of a cui*ve passing through 
the origin, from which four simultaneous equations may be derived and 
four unknowns solved for in terms of the fifth, which may be cancelled 
out and the resulting figures substituted in the general equation. As 
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stated before, the coordinate values may be taken directly from the 
original tracing of the drop outline if it is traced on coordinate paper. 

The general equation for the circle is «* + + y* + Dy -{-K — O. 

If the curve sufficiently approximates a circle, the coordinate values of 
only three points are necessary, since only three unknowns need be 



C e-6'S*33!' 





Fig. 2.—^Projected outlines of liquid 
drops. Water on the ventral surface 
of a cabbage loaf; B, water on the 
dorsal surface of the same leaf; C, 
water on the dorsal surface of a lemon 
leaf; P, grade 5 (heavy) spray oil on 
the ventral surface of an orange leaf; 

E, kerosene on the ventral surface of 
an orange leaf. 

solved for. Also, since and have no unknown coefficients, the simul¬ 
taneous equations may be equated to numerical values and the unknowns 
may be solved for directly. 

When the equation of the curve has been computed, differentiation of 
the equation at x = 0 will give the slope of the curve at its origin, 
which is the point of contact, liquid/solid. This value is, of course, the 
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tangent of the angle of contact, which may then be found by referring 
to a table of the natural trigonometric functions. 

Mach’s Formula. —^Mack {15) has shown that for a drop whose out¬ 
line is a segment of a sphere, the contact angle may be calculated from 

the equation 6 — 2 tan’’ where h is the greatest height of the drop 

and X is the radius of the base of the segment. He states that if it is 0.5 
mm or less in diameter, a sessile drop may be considered a segment of 
a sphere, except for contact angles near 180°. However, it is apparent 
from inspection of the equations of drop outlines which have been de¬ 
termined by differentiation in the present investigation* that for drops 
as large as 5 mm in diameter, all those having a contact angle less than 
65° are for practical purposes segments of spheres. The contact angles 
of these drops may therefore be calculated by Mack’s formula with a 
great saving of time as compared to the differentiation of the circle 
equation. Mack’s formula was employed in the computation of all the 
contact angles which are to follow in this paper. By making the drops 
suffi(!iently small say 2 or 3 mm in ba.sal area, even drops with contact 
angles of around 90° are suflfieiently spherical for practical purposes so 
that Mack’s formula may be used in calculating their contact angles. 

If reasonably small drops are placed on a solid, a considerable vari¬ 
ation in their volumes does not appear to affect their contact-angle 
values. If too large a drop is placed on a solid, the momentum given to 
the larger mass of liquid by gravity will cause the contact angle to be 
reduced to various values within the range of hysteresis. This difficulty 
may be overcome by waiting until gravitational momentum asserts itself, 
then building the contact angle up to its maximum value by adding more 
liquid to the original drop. The independence of contact angle and drop 
size is in accord with the fact, as Freundlich {11) has pointed out, that 
surface tension remains constant w’ith increase in surface, an important 
contrast to the tension of a stretching membrane, to which surface ten¬ 
sion is sometimes compared. 

The writer has found no greater variation in the value 6 for liqiiid 

0 TJn. (<quatinnH for the outlines of the drops in figure 2 are for A, B, C. 7>, .and E, 
respectively, as follows: 

0.47*» — 29.56a: -f- — 20.1.5y — 8.08 = 0; « ~ 124'> 6' 

0.82a:» — 58.92a; -h 3 /“ -f 0.273i/ — 12.31 = 0 ; O = 89-> 44' 

C.98x* — 63.33® -1- J/* -f 28.80V — 31.10 = 0; f) — 65° 33’ 
a? — 64.55® -f- 2/= + 93.932/ — 59.87 = 0; G = 34° 33' 

®* — 62.00® -f 2/ + 210.002/ — 39.00 = 0; G = 16° 26' 

As the contact angle changed from 124° 6' to 65° 33' the coeflfieionts of ®* and 
2 /* became more nearly identical, showing that the ellipse gradually became a circle 
as the height of the drop diminished with a consequent diminution of the effect of 
gravity on the shape of the drop. 
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drops o£ high contact angle than for those of low contact angle. Thus 
the 6 values for 5 drops of distilled water on beeswax-coated glass slides 
were found to be 88° 4', 88° 32', 89° 36', 90° O', and 87° 34', an average 
of 88° 41' dr 21'. The drops were about 3 nun in diameter. Next 5 drops 
of grade 4 (medium) spray oil, also about 3 mm in diameter, were placed 
on a beeswax-coated glass slide and their images projected in the same 
way as before and under identical conditions (temperature of liquid, 
72° C; temperature of air at the point where the drop was placed, 80° C). 
The computed values for the contact angles were 30° 28', 31° 56', 
33° 18', 32° 18', and 31° 42', an average of 31° 56' db 20'. Approxi¬ 
mately the same amount of variation occurred among the 5 measure¬ 
ments in both tests. 

A STATISTICAL TEST OP THE RELIABILITY OF 
THE METHOD 

Beeswax surfaces were made by dipping portions of glass microscope 
slides, made by cutting the standard slide in two parts lengthwise, into 
melted beeswax at 100° C, after which the slides were placed in a vertical 
position to cool at room temperatures. This procedure results in a thin, 
uniform layer of wax on both sides of the glass slides. 


TABLE 1 

Contact Anoi.e.s on Beeswax SuRrAcE.s of Five Drops of Onf,-Tenth Per Cent 

SOinOM Ol.EATE SOf.UTION IN EaCII OF FIVE DkOP DIMENSIONS’ 


Width 
of dro|>s, 
mra 

Drop 1 

Drop 2 

Diop 3 

Diop 4 

Drop 5 

Mean 

1 

27*" 2S' 

24® 0' 

24° 4S' 

27°34' 

o 

w* 

25° 34' ± 29' 

2 

25^21' 

27® 20' 

25° 30' 

25° 24' 

27° 0' 

26° 7' =bl6' 

3 

2fr45' 

2.S®4' 

27° 56' 

27°44' 

27° 22' 

27° 30' dr «' 

4 

25‘»4K' 

27° C' 

27° 25' 

26° 22' 

26° 2' 

26° 32'± ir 

5 

24® 49' 

26°34' 

24° 34' 

26°26' 

27° 2' 

25° 60' zh 15' 


* An analyNiM of varmnco rcvealfd no .significant diff<*iences in contact angle between the vai iou« drops 
of each dimension nor between the drt.»pB t»f different dimensions. However, a comparison of the probable 
eiroru shows that the meusuieinents of the iliops 3 mm m basal diamcMer iveie the least vaiiaVilo. 


Drops of 0.1 per rent sodium oleate soluliou were placed on the bees¬ 
wax surfaces immediately after the solution had been shaken in the 
flask. The drops ranged in diameter of basal area from 1 to 5 mm. Five 
measurements were made of each drop dimension and the contact angles 
computed from these data by means of ]Mack’s formula. The measure¬ 
ments were made by a laboratory assistant' who had no previous experi¬ 
ence in this type of work. The resulting figures are shown in table 1. 

Mr. Louis Riehl made many of the eoutact-angle determinations and also aided in 
the capillarity experiments wliicli are to bo mentioned later. 
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According to an analysis of Tariance (19, p. 22)^ no significant differ* 
ences in contact angles were found either between successive measure¬ 
ments of a single drop dimension or between measurements of the five 
different drop dimensions, although the greatest variation occurred 
among the latter. This means that the investigator need not concern 
himself with the exact amount of liquid used to form the drop and that 
a considerable variation in drop size will not appreciably vitiate results. 


TABLE 2 

COHTACT ANOLBS ON BBBSWAX SuRrACBS 07 TnRXB AQUBOUB SOLXmONS 
WITH Diitebent Wetting Agents* 


Material 

Approximate 
width of drop, 
mm 

Contact angle 

Mean 



1 

34® 20' 





2 

32® 24' 



Solution A. . 


3 

88*26' 


32® 18' =fc 21' 



4 

31® 20' 





6 

31* r j 





f 1 

41® 10' 





2 

40® 48' 



Solution B. ... 


3 

41® 6' 


40® 54' ± 19' 



4 

42° 22' 





5 

39® 0' J 





' 1 

44*32' 1 




> 2 




Solution C. . 


3 

40® 28' 


44® 26' 25' 



1 4 

44” 28' 






46® 14' J 



* An analysis of variance revealed no significant difierencee in contact angle between drops ot different 
widths, but snowed that the differences between the contact angles of the different solutions were highly 
significant. 


However, a drop size of about 3 mm would probably be chosen as the 
most convenient size from the standpoint of ease of manipulation, and 
a variation of over a half millimeter in either direction would not often 
occur in ordinary work. The probable errors of the means (table 1) 
show that the least variation occurred among the measurements in the 
class of drop 3 mm in width and that variation increased in proportion 
to the deviation from this dimension in either direction. The larger 
drops tend to flatten out from the force of momentum to reach a con¬ 
tact angle somewhat below the maximum, but, as mentioned before, this 
difficulty can be qvercome by building up the drop by adding more liquid 
from the ruling pen after the drop has come to rest. The 3-mm dimension, 
however, appears to be the most convenient and the best suited for the 
purpose under consideration. As can be seen from table 1, in making 
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five measurements of drops 8 mm in diameter, one may expect half of the 
contact-angle values to fall within a range of plus or minus 8 minute. 
This represents a far greater accuracy than would be necessary for 
ordinary purposes. 

Measurements were next made of the contact angles on beeswax sur¬ 
faces of three aqueous solutions with 1 per cent concentrations of differ- 



Pig. 3.—Effect of substratum on drop curvature and contact angle 
of liquids. Each curve shows the contour of the left half of a drop. 

A, Water on the ventral surface of a lemon leaf; B, water on the 
dorsal surface of the same leaf; C, grade 5 (heavy) oil on the ven¬ 
tral surface of a Vibvmum leaf; P, grade 5 oil on the dorsal surface 
of a clean lemon leaf; P, grade 5 oil on the dorsal surface of an nn- 
cleaned lemon leaf; F, grade 5 oil on the dorsal surface of an apple 
leaf. 

ent wetting agents (table 2). The wetting agents were Vatsol OT* 
(solution A) and two snlfated alcohols (solutions B and C), differing 
only in the complexity of the alcohols from which they were derived. 
An analysis of variance again showed no difference in the contact angles 
of drops of different dimensions but showed significant differences be- 
tween the contact angles of different solutions, although the difference 
between the contact angles of solutions A and B was only 3^ 32' ±: 31'. 

SOME CONTACT-ANGLE MEASUREMENTS 
Effect of the Nature of the Suhstratum ,—One of the most interesting 
examples of the effect of the substratum on contact angle is afforded by 
different leaf surfaces (fig. 3). In his exhaustive study on this subject 
^ Sodium salt of an ester of sulf osuccinic acid. 
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Stellwaag (20) showed that not only does the contact angle of a given 
liquid vary greatly on leaves from different plant species, but also on 
leaves of different ages of a single species, or on different surfaces of a 
single leaf. He also found that desiccation of the leaves had the effect 
of increasing the contact angle. 

The contact angles of both oil and water are higher on young citrus 
leaves than on older leaves. Also, the contact angles of both oil and water 


TABLE 3 

Variations in the Contact Angles or Water and Sprat Oil on the Dorsal and 
Ventral SimPACES op the Leaves* op Three Citrus Varieties 


Variety 

Surface of leaf 

Liquidt 

Gontect angle t 

Orange 

Dorsal 

Water 

60° 57' =t: 1° 28' 

Orange. ... 

Ventral i 

Water 

6ft° 54' =t 58' 

Grapefruit 

Dorsal 

Water 

61° 51' ± 1° 16' 

Grapefruit . 

Ventral 

Water 

67° 21' =b 66' 

Lemon 

Dorsal 

Water 

67° 30'=t2°ir 

Lemon . 

Ventral 

Water 

76° 42' db 2° 2' 

Lemon (not cleaned) 

Dorsal 

Water 

37° 36' db 4° 38' 

Lemon (not cleaned) 

Ventral 

Water 

75° 15' 2° 1' 

Orange . . 

Dorsal 

Oil 

27° 58' db 59' 

Orange 

Ventral 

Oil 

31°53'=f 28' 

Grapefruit . . 

Dorsal 

Oil 

21° 20'd-40' 

Grapefruit. 

Ventral 

Oil 

30°ll':ir46' 

I./emon 

Dorsal 

Oil 

25° 39'd: 1° 16' 

Lemon 

Ventral 

Oil 

28° 32' :L 53' 


• The leaves were all from the second cycle of growth anil were conaeiiuentlv of approximately the 
same age. 

t Distilled water and giade 4 (medium) spray oil were used in the test The temperature of the liquids 
was 73° F and the temperature of the air at the point w here the <lrop was placed for projection was 80° F. 
In all tests but one the leaves were waslied with tap water and di letl w ith a clean tow'el before the contact- 
angle determinations were made. 

t The differences between the contact angles of the liquuls on the ilorsal and ventral aides of each leaf 
were significant. 


are greater on the venlral sides of cilrus leaves of the second growth 
cycle than on the dorsal (upper) sides (table 3). Thus a spray solution 
will roll into beads on the ventral sides of citrus leaves, while the same 
solution may wet the leaf in an even film on the dorsal side of the same 
leaf. The spray solution will also “bead” more on j'ounger leaves than 
on older leaves. The probable errors in table 3 show' that, with a single 
exception, the contact angles of both the water and oil drops are more 
variable on the dorsal than on the ventral sides of the leaves. 

Table 3 shows that the contact angle of water on the vent-ral sides of 
citrus leaves is higher than on the dorsal sides; it does not seem, how¬ 
ever, that the differences which were found on clean leaves are in propor¬ 
tion to the great differences between the spreading of spray solutions 
on the dorsal and ventral sides of citrus leaves which may be observed 
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when spraying trees. Under actual field conditions the dorsal sides of 
the leaves have a layer of orchard dust, while the ventral sides have 
practically none. Since water spreads well on a layer of soil particles, 
the dorsal sides of the leaves are readily wetted. The test (table 3) in 
which the leaves were not washed showed that on leaves as they occur 
in the orchard, the differences in the contact angles of water on the 
dorsal and ventral sides of the leaves are miich greater than on clean 
leaves. 

As stated before, a uniform substratum may be obtained by dipping 
a microscope slide into melted wax and keeping the slide in a vertical 
position while the coating of wax is cooling, or by dipping the slide into 



Fig. 4.—The drojj curvatures and contact angles of grade 5 
(heavy) spray oil on extracted leaf wax (A) .and extracted red- 
scale wax (B). 


a solution of wax and carbon tetrachloride (2.') per cent wax and 75 per 
cent carbon tetrachloride) and placing the slide in a vertical position 
while the carbon tetrachloride is evaporating. In the in-esent investiga¬ 
tion comparisons are being made of the contact angles of various liquids 
on uniform surfaces of paraffin wax or beeswax. Since it was considered 
that a knowledge of the ])referential wetting of oil with respect to citrus- 
leaf wax and the wax of red scale, Aonidiclla auranfk (Mask.), would 
be at least of academic interest, these waxes were extracted by soaking 
the scales and leaves in petroleum ether for five days with occasional 
shaking of the solution. The scales or leaves were then removed and the 
ether driven off by heat. 

Figure 4 shows that the contact angle of oil is much lower on scale 
wax than on leaf wax. However, the extract from the entire scale body 
may not be representative of the waxy threads exuded by the insect 
which comprise the mass of wax beneath the scale body through which 
the oil must penetrate in order to reach the spiracles. 

That the oil can traverse the comparatively great distance from the 
margin of the scale body to the .spiracles before penetrating the cuticle 
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of the leaf is n6t surprising in view of the fact that the wax on the 
underside of the scale body, which must be traversed by the oil On its 
way to the spiracles, is made up of a mass of loosely woven, waxy threads 
exuded by glands on the pygidium of the insect (fig. 5). In this way a 
great surface area per unit distance is presented to the oil, with a conse¬ 
quent increase in the capillary attraction. If a red scale is fixed securely 
on its dorsal surface, as by placing it on a thin layer of balsam, and a 



Fig. 5.—^Hed scales removed from a lemon leaf, each placed on its 
dorsal side to show the ventral mass of waxy threads between the 
scale body and its substratum. The scale on the right was sprayed 
with oil, which penetrated through the mass of wax into the spiracles 
of the insect and consequently caused the wax to become translucent, 
reveling the dark body of the scale. Greatly magnified. 


small drop of oil is placed on the center of its ventral surface, the oil 
will spread rapidly to the edges of the scale, while a drop of similar size 
placed on the dorsal side of a scale will spread much more slowly. 

The capillary nature of the mass of wax beneath the body of the red 
scale (fig. 5) favors the rapid penetration of oil to the spiracles of the 
insect. If suflScient oil is deposited by the spray, the oil reaches the 
spirables in an instant, which proves that the movement of oil to the 
spiracles is by capillary flow, for if the movement of oil were by pene¬ 
tration of solid wax, several days, at least, would be required for pene¬ 
tration to the spiracles. In fact, the oil would be absorbed by the 
substratum upon which the scale happened to be situated before it 
could reach the relatively long distance from the edge of the scale armor 
to the spiracles, which are situated at points about two-thirds the dis¬ 
tance from the edge of the scale armor to the center of the insect. 
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If the seale is situated on a highly absorptive substance, such as the 
rough bark of citrus trees, the oil may penetrate this substance before 
it reaches the spiracles of the scale, despite the fact that it penetrates 
under the scale so readily. Consequently, greater concentrations of oil 
in the spray are necessary to insure the penetration of the oil to the 
insect spiracles. 

A knowledge of the contact angle of oil on water was considered de¬ 
sirable in view of the fact that it is commonly conceived that each drop 
of water as it strikes the tree surfalce in the spraying operation bears 
on its surface numerous small lenses of oil {18, p. 60). This, of course, 
is not true of the emulsive oils, which spread in a thin film over water. 



Pig. 6.—Outlines nn<l contact angles of drops of spray oil on ■water. 

A, Heavy oil (U. B. 95) j B, light-medium oil (U. B. 92) ; C, light- 
medium oil (U. B. 80); D, light-medium oil (11. B. 92) -with 1 per 
cent glyceryl monodleato. 

A thin film of water without sufficient slope or contour to cause move¬ 
ment of an oil drop placed upon it may be obtained by cleaning to abso¬ 
lute chemical cleanness a strip of glass, such as used in the present in¬ 
vestigation to hold in place the strips of leaves. The glass is then covered 
with distilled water and placed on the slide platform in front of the 
microprojeetor objective. A drop of oil may then be placed on the water, 
upon which it will form a lens (fig. 6). Oils low in U. R. (unsulfonatable 
residue) and oils containing a surface-active solute such as glyceryl 
monoiileate were shown to have a lower contact angle on water than 
pure saturated oil, as figure 6 shows. 

Tests with Various Solutes. —^Proteins, saponin, soaps, sulfite lyes, 
alkyl sulfates, alkyl sulfonates, Igepons, petroleum sulfonic acids, and 
organic acid derivatives were tested with regard to their effect on the 
contact angle of water on various surfaces. A few preliminary tests re¬ 
sulted in the following values for the contact angle of distilled water 
alone and distilled water with various solutes on the ventral surfaces 
of Viburnum leaves: water alone, 70° 18'; water with 1 per cent ethyl 
alcohol, 54° 14'; with 0.01 per cent Vatsol OT, 45° 22'; with 0.1 per cent 
sodium oleate, 42° 26'; with 0.05 per cent sulfated alcohol or 0.5 i)er 
cent dry blood albumin spreader, 38° 50'; with 0.5 per cent Castile soap. 
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SS" 1' i with 0.1 per cent Vatsol OT, 30° 14'; and with 1.0 per cent 
Vatsol OT, 27“ 57'. The greatest reduction in contact angle per unit 
concentration was obtained with Vatsol OT. On Viburnum the com¬ 
pound practically reaches its maximum effect at 0.1 per cent concentra¬ 
tion, although on beeswax a reduction in contact angle of 11° 41' (from 
45° 9' to 33° 28') was effected by increasing the solute from 0.1 per 
cent to 1.0 per cent concentration. 

While Vatsol OT, 0.1 per cent, proved to be more effective than 
sodium oleate, 0.1 per cent, in reducing the contact angle of water on 
Viburnum leaves, it was less effective than sodium oleate on a beeswax 

TABLE 4 

The Bixative Spreamno Abiutv oi* Solutions of Vatsol OT 
ANi> SoDitTit Oleate on Beeswax and Viburnum Leavf.s 
AS Shown bt Contact-Angle Measueements 


Solution* 

Substratum 

Contact angle 

Vatsol OT. 

Beeswax 

43® 19' dr 3r 

Sodium oleate. 

Beeswax 

31® 34' dfc 15' 

Vatsol OT. 

Leaf A 

29® 42' rfc 46' 

Vatsol OT... ... 

Leaf B 

30® 14' rfc 40' 

Sodium oleate . . 

Leaf A 

39® 6' db36' 

Sodium oleate... 

Leaf B 

42° 43' dr 33' 


* Concentrations of both solutes were0.1 icram per 100 cc distilled water. The 
temperature immediately surrounding the drops was 80® F. 


surface, as can be seen in table 4. This interesting observation indicates 
that chemical relations play a role in wetting and spreading as well as 
do purely physical factors. If only physical factors were involved, it 
would be expected that the chemical compositions of the solutions or 
the solid substrata would affect the degree of wetting and spreading 
as far as they affected free surface energy, but that the difference be¬ 
tween the contact angles of two solutions on one substratum would be 
in the same direction, if not in the same degree, on another substratum. 
The present test shows that this may not always be the case. 

In table 5 are given the contact angles on beeswax surfaces of aqueous 
solutions with various percentages of seven different wetting and spread¬ 
ing agents. Of special interest in this table is the superior effectiveness 
of sodium oleate as a wetting agent on beeswax ; also, the maximum re¬ 
duction of contact angle was reached at a concentration of 0.05 per cent 
or possibly somewhat lower, and from this point on the efficiency of the 
soap decreased as the concentration increased. The same situation ob¬ 
tains to some extent with regard to the sulfated alcohol lN-181. 

If either red scale or black scale, Saissetia oleae (Bern.), are removed 
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from a leaf and covered with a solution of 0.1 gram Vatsol OT per 100 
ec water, the solution will quickly penetrate for varying distances into 
the tracheae. The extent of penetration of the liquid into the tracheae 
can be determined because of the change in refractive index of the con¬ 
tents of the tracheal tubes caused by the entrance of the liquid, which 
makes them appear lighter in color (4). The line of demarcation be¬ 
tween the air-lilled and the liquid-filled portion of a tracheal tube is 
very distinct. 

TABLE 5 

Contact Ancilks on Bkeswax of Aqueous Solutions with Various Solutes, 
AT Five Different Concentrations^ 


Solute 


Per cent concentration 



0 01 

0.05 

0.1 

0.6 

1.0 

VatHol OTt 1 

78® 14' d= 42' 

69® 34' dr 28' 

45® 9'dr 29' 

36® 

4' dr 37' 

33® 28' db 15' 

Vatsol cm' 

81® 12' d= 30' 

80® 15'd: 24' 

76® 28' dr 54' 

63® 

7' dr 42' 

60® 27' dr 20' 

Vatsol OT (aqueous) 

84® 30' :t 21' 

79® 48'd: 25' 

73® 30' dr 93' 

60® 

4' dt 69' 

49® 26' dr 27' 

Tergitol No, 7t 

75® 54' dr 23' 

71® 30' dr 27' 

65® 0'dr64' 

38° 

24' rt 28' 

35® 54' dr 26' 

1N-18U 

67® 11' dr 83' 

45® 54'd: 57' 

46® 64' dr 52' 

49® 54' dr 45' 

48® 54' dr 29' 

Areskell i 

80® 24' d: 74' 

71® 23' dt 35' 

59®54'drl05' 

61® 

0' dr 16' 

49® 42' dr 25' 

Sodium oleate 

57® 18' dr 75' 

27® 12' dr 21' 

27® 27' di 11' 

29° 

2' dr 34' 

32® 17' dr 32' 


* Each figure i« the average of five testa. The temperature immediately surrounding the drop was 
80 ® F. 

t Sodium salt of an est-cr of suUosuccinic acid, 
t Sulfated higher alcohol. 

$ SiKiiurn lauryl sulfate. 

* Sodium salt of an alkylated arvl compound. 


Wilooxon and Ilarizell (22) found that a water solution of 0.5 per 
cent sodium oleate wliieh penetrated one third to two thirds the length 
of the tracheae of the larvae of tomato worms (Phlegethontius quinque- 
macnlata) was not able to penetrate the tracheae at all after the larvae 
were killed with HCN. These investigators believed that respiratory 
movements, or at least vital activity, are necessary to make possible the 
penetration of this solution into the tracheae. In the present investiga¬ 
tion, however, red scale were killed with HCN, and the tracheae of 
these insects were as readily penetrated by solutions of 0.5 per cent 
sodium oleate or 0.1 per cent Vatsol OT as were the tracheae of living 
insects. It is doubtful whetlier the structurally degenerate red scales 
have suflBcient respiratory or vital activity to influence the penetration 
of liquids into their tracheae; but, on the other hand, since the tracheal 
tubes are smaller in diameter than those of the tomato worm, they may 
be more readily penetrated by means of capillary action, and the liquids 
may flow a greater distance into the tubes after entering the spiracles. 
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RELATION OP SURFACE TENSION AND CONTACT ANGLE 
TO PENETRATION DIFFERENTIAL 

Mathematical Coneiderations. —^Hoskins (13), neglectuig hydrostatic 

pressure, has repressed the linear rate of flow of a liquid in capillary 

tubes as: _y cos S r 

* 

in which y is the surface tension of the liquid, B the contact angle, r the 
radius of the tube, it the viscosity of the liquid, and I the distance pene> 
trated. It should be pointed out that this equation holds only for a con¬ 
dition far from equilibrium; the presence of r in the numerator of the 
fraction is thus explained. 

If there were no more than two variables in the equation above, a 
differential form of the equation could be integrated to obtain an equa¬ 
tion for total length of flow. The variable cos 6 might be ignored, as 
Hoskins (13) suggests, for situations in which the contact angle is zero 
or nearly so j but for the purposes of the present investigation reference 
will be made to the well-known formula for height of capillary rise of 
a liquid; ^_ 2y cos B 

“ rg 

An inspection of the formulas given above will show that a reduction 
in surface tension will invariably decrease the rate or distance of pene¬ 
tration only if the contact angle of the liqtiid on the inner surface of the 
capillary tube is zero or sufficiently small so that further decrease in the 
angle will not result in any important changes in the value cos 6. If the 
contact angle of the liquid on the sides of the capillary tube is high, how¬ 
ever, as in the ease of water in a waxy capillary tube, a decrease in y 
results in a decrease in B and a corresponding increase in cos B, so that 
the value y cos B may be'actually increased by reduction in surface ten¬ 
sion, with a consequent increase in the rate and distance of penetration 
of the liquid. An increase in the value y cos B can occur only if the rate 
of increase of cos B is greater than the rate of decrease of y. This will 
later be shown by actual experiment to be what happens. 

If an insect, which is wetted with difficulty, is located on rough, porous 
bark, the spray liquid may penetrate into the bark so rapidly that in¬ 
sufficient liquid remains on the surface to wet the insect, to penetrate 
into waxy barriers as in the case of the woolly aphid or egg masses, or 
to penetrate under the bodies of sessile scale insects to the spiracles or 
regions in which the spray can exert its maximum insecticidal effect. 
A good example of this disadvantageous penetration differential is the 
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oafte of oil sprays applied against the California red scale. The thin 
of oil applied to the branches upon which the scales rest is absorbed by 
the bark so rapidly that it often does not have sufficient time to pene¬ 
trate the waxy mass (fig. 5) under the scale, which blocks the way of 
the oil to the spiracles. Consequently, with a given concentration of oil 
in the spray, nearly all adult red scale may be killed on the leaves, green 
twigs, and fruit; while perhaps only 60 or 70 per cent may be killed on 
the larger branches. 

Experiments toith Water and Aqueous Solutions .—Since the contact 
angle of water on chemically clean glass is zero, and since glass is trans¬ 
parent, gli^ tubes offer an excellent means of studying the effect of 
changes in surface tension on the capillary fiow of water. Likewise the 
inner wall of a glass tube may be coated with a layer of wax so thin as 
not to interfere greatly with the visibility of the liquid column, yet 
capable of increasing the contact angle of the liquid to 90°. The same 
capillary tube may thus serve to demonstrate the effect of changes in 
surface tension on capillary flow in the one case where contact angle is 
eliminated as a variable affecting capillary flow and in the other case 
in which contact angle is an important factor. 

Absolute cleanliness is essential in experimental work such as sug¬ 
gested above. On the other hand, if the cleaned glass can be kept in a 
container with clean air, the matter of air adsorption is probably not of 
as great importance as many investigators have considered it. Edser 
(8) states that Rayleigh has proved that when glass has been heated 
in a smokeless flame, water spreads over it readily (implying a zero 
contact angle), even after the surface has been exposed to pnre air for 
several days. On the other hand, Edser (5) states that, ordinarily, greasy 
matter will be deposited on glass from the air, in which case water will 
no longer have a zero contact angle on the glass. 

In an experiment involving the use of glass capillaries some 1-mm 
capillary tubing was cut into sections 4 inches long. A mark was made 
with a file of an inch from one end of each tube. The tubes were 
immersed up to this mark in the liquid to be tested. Four tubes were 
used in each series of tests and these were then cleaned again ahd used 
for another series of tests. 

All four tubes were placed in a bath of chromic acid and left from 
one to several hours. From the chromic-acid bath the tubes were placed 
in a bath of concentrated nitric acid and left for 2 minutes, then rinsed 
to remove the acid. The tubes were then rinsed in double-distiUed water 
for 2 minutes. They were then placed in a bath of caustic potash for 
2 minutes and rinsed in this solution. After this they were again rinsed 
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in double-distilled water, the water being changed for each successive 
tube. 

The tubes were dried by means of an air stream taken from a pressure 
line supplied to the laboratory table. The air was first bubbled through 
chromic acid to remove organic matter, then bubbled through a distilled 
water bath, and afterwards passed through a bottle loosely filled with 
glass wool to prevent excess moisture from being carried into the drying 
towers. The air was passed through two drying towers, the first con¬ 
taining calcium chloride and the second barium perchlorate. Glass wool 

TABLE 6 

Differences in Capillary Flow of Water in Clean-Glass and 
Waxed-Glass Capillart Tubes Caused by Reduction 
OF Surface Tension 


Inner wall of tube 

Concentra¬ 
tion of solute 
(Vatsol OT). 
per cent 

Surface tension 
of liQuid, 
dynes per cm* 

Heiaht of liquid 
column^ cm* 



[ None 

72 7 ± 0.01 

2.12 dr 0.00 

Glaes... . 


0.1 

32 1 

00 

0.85 dr .02 



1 » 0 

20 1 db 

01 

0.72 dr .02 


1 

f None 

72 7 db 

01 

0.00 

Beeswax. 


0 1 

32.1 db 

.00 

0.30 dr .03 


1 

1 1.0 

\ 29 1 dr 0 01 

0 65 dr 0.02 


• Average value for five teets. 


was placed at the entrance and exit of each drying tower to prevent the 
carrying of dust in the air stream from the drying towers. 

The air was passed through a glass tube 10 inches long and % inch in 
diameter. This tube wa.s heated by means of a Fischer burner so that 
the air might be heated sufficiently to prevent the deposition of any 
moisture it might contain on the walls of the capillary tubes which were 
to be dried. A cork containing a hole of just the right size for the 
capillary tube to fit in firmly was placed at the distal end of the large 
glass tube and the stream of heated air was passed through the capillary 
tube to dry it. The air stream was directed through the tube for 3 
minutes. 

The capillary tube was then placed in a desiccator for 5 minutes to 
allow it to cool. After this it was placed on a stand constructed so that 
the tube might be held in place with the file mark at the lower end of 
the tube directly at the surface of the liquid to be tested. Each tube 
was left in the liquid 5 minutes before the column of water was measured. 

A ring fashioned from a soft metal band was placed around each tube 
before it was placed in the solution being tested. The column of liquid 
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in the tube was measured by sliding the metal ring until its bottom edge 
coincided with the bottom of the liquid meniscus. The tube was then 
removed from the liquid and the distance from the file mark near the 
bottom of the tube to the bottom of the metal ring was then measured 
with a micrometer caliper. 

To obtain the wax coating, a capillary tube 16 inches in length and 
of the same diameter as the tube previously mentioned was used. A 25 



per cent solution of beeswax in carbon tetrachloride was drawn into the 
tube and allowed to drain out. The carbon tetrachloride was evaporated 
by passing air through tlie tube. The tube was then cut into four sections 
4 inches in length, as before. The height of the column of liquid to be 
tested was measured in the same way as in the previous tests. Vatsol OT 
was used as the solute to reduce surface tension, and in the present 
experiment, as well as subsequent experiments, the solutions were one 
hour old at the beginning of the tests. However, the flasks containing 
the solutions were shaken before each test. Determination by means of 
an Ostwald viscometer showed that in the case of the aqueous solutions 
the solute had no appreciable effect on viscosity. The experiment was 
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made at a tempecatore of 72“ F, which was fdso the temperatnre of 'tite 
solutions. The results of the experiment are presented in table 6, and 
show that a s^ven redaction in surface tension caused an increased 
penetration in the waxed tubes and a reduced penetration in the clean 
glass tubes. Thus a penetration differential was effected by the addition 
of a solute. 



Fig. 8.—Changes in the penetrativity of water in clean glass tubes and waxed glass 
tubes with increasing concentration of Vatsol OT as determined by experiment. 
Compare with theoretical expectations as shown in figure 7. 


Figure 7 shows graphically the relation of surface tension, the cosine 
of the contact angle, and the product of these two factors as the concen¬ 
tration of Vatsol OT is increased from 0 to 1.0 per cent. Figure 8, which 
presents graphically the data in table 6, shows the relation of concentra¬ 
tion of solute and, consequently, reduction in surface tension to penetra¬ 
tion. The curves for penetration in a clean glass tube and in a waxed 
tube (fig. 8) are, respectively, rather similar to the curves for surface 
tension and the product of surface tension and cosine of the contact 
angle (fig. 7), which is consistent with theoretical expectations. 

Data similar to those given above were obtained by using columns of 
sand as the capillaries. As in all experiments to be mentioned subse¬ 
quently, the experiment was made at room temperature. Quartz sand of 
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20*iB«di sice and less was cleaned by washing in a chromic-acid solution, 
repeatedly rinsing with distilled water until all traces of chromic acid 
were removed, and then drying in a flask over a flame and cooling. The 
sand was then poured into ^-inch glass tubes a foot in length. Another 
portion of the cleaned sand was immersed in carbon tetrachloride con¬ 
taining 25 per cent paraffin wax. The solvent was evaporated and the 
sand was sieved through a 20-me8h screen and poured into glass tubes as 
before. Three tubes with clean sand were placed with their lower ends 
immersed in water and Vatsol solution: one in pure distilled water, one 
in a 0.1 per cent Vatsol solution, and one in a 1.0 per cent Vatsol solu¬ 
tion. This procedure was repeated with the tubes of waxed sand. For 
some reason the differences were not so great as those found in connec¬ 
tion with the glass capillary experiment (table 6), but they were in the 
same direction. In the columns of pure sand, in 15 minutes the pure 
water had risen 10.8 cm; 0.1 per cent Vatsol solution, 9.7 cm; and 1.0 per 
cent Vatsol solution, 9.2 cm. The corresponding distances of penetra¬ 
tion in 16 hours were, respectively, 17.4 cm, 16.1 cm, and 13.7 cm. In the 
columns of waxed sand in 15 minutes the pure water had not risen a dis¬ 
cernible distance, the 0.1 per cent Vatsol solution had risen to a height 
of 0.4,cm, and the 1.0 per cent solution had risen to a height of 3.1 cm. 
The corresponding distances in 16 hours were, respectively, 0.2 cm, 0.8 
cm, and 3.7 cm. 

Some smoothly planed Douglas fir boards were used to test the rate of 
penetration of water and 1.0 per cent Vatsol solution into wood, on 
which the contact angle of water is comparatively low. In five separate 
tests 1 ce of distilled water was placed in a glass cylinder 1 cm in diame¬ 
ter and 4 cm long; this was glued to the board in a vertical position with 
a commercial waterproof glue, and 4 inches away a similar cylinder was 
attached in which 1 cc of a 1.0 per cent Vatsol solution was poured. In 
the five tests, in only one ease was the rate of penetration of the Vatsol 
solution greater than that of the pure water, the average time for the 
disappearance of the 1 cc of liquid being 55 hours for the pure water 
and 63 hours for the Vatsol solution. 

When the rates of penetration of pure water and a 1.0 per cent Vateol 
solution were compared on a board of a commercial pressed fiberboard 
of Douglas fir wood with a density of 18 pounds per cubic foot, it was 
found that 3 days were required for the penetration of 1 ce of water and 
only 20 seconds for the penetration of the Vatsol solution. In this case 
the penetration was a surface rather than a capillary phenomenon. The 
layers of wood fiber are so loosely packed that penetration through the 
mass depends upon the ability of a liquid to spread along a surface. 
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Since water has an appreciable contact angle on resinous wood, the Vat- 
sol solution spreads much more rapidly on a level surface than pure 
water and consequently enters a loose mass of wood fibers much more 
rapidly. This does not mean that the Vatsol solution will enter a more 
solid mass of wood fibers, in which capillarity is involved, more rapidly, 
for just the opposite was shown to be the ease, as the data for penetra¬ 
tion of water into the seasoned Douglas fir lumber show. The effect of 
surface tension on speed of penetration is then shown to be not only 
affected by contact angle in the medium penetrated, but is also affected 


TABLE 7 

DirrEEENCBS IN Distances or Plow or Water in Columns or Citrus- 
Babe Fbaoments Caused by Deduction or Subtace Tension 


Concentra¬ 
tion of solute 
(Vatsol OT). 
per cent 

Surface 
tension, 
dynes 
per cm 

Condition of 
bark fragments 

Distance (cm) of penetration in: 

1 hour 

1 

4 hours 

16 hours 

None 

72.7 

Loosely packed 



10.6 

1 0 

2? 1 

Loosely packed 



8 9 

None 


Moderately packed 



20 0 

1 0 


Moderately packed 



13 5 

None 


Tightly packed 

4 5 

9 3 

12 0* 

1 0 


Tight 1> packed 

1.8 

2 0 

2 4 


* Liquid reached upi>er limit of column. 


by the density of the medium penetrated. If the density of tlie medium 
to be penetrated falls below a certain point, the rate of flow may no 
longer be affected by laws of capillarity, but by the laws of open surface 
flow in which reduction in surface tension invariably results in more 
rapid spread of a liquid. 

Owing to the great variability in the rate of penetration of water solu¬ 
tions in Douglas fir wood, the method described above was not consid¬ 
ered satisfactory as a means of comparing the penetrativity of different 
solutions. To standardize the capillary medium, fragments of bark were 
tamped into %-cm glass tubes in equivalent amounts and in a uniform 
standard manner and the flow of liquid up into these columns of bark 
fragments was determined. The bark fragments were made by filing the 
outer bark off dry orange limbs 2 or 3 inches in diameter. It is this outer 
bark with which the .investigator is concerned in the penetration of films 
of water or oil when spraying for certain citrus pests. 

The results of three tests are summarized in table 7. The data show 
that in every test a reduction in surface tension of the water retarded 
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its distance of penetration into the columns of bark fragments. This is to 
be expected in view of the relatively low contact angle of water on citrus 
bark. The data likewise show that the more tightly packed the bark frag¬ 
ments are, that is, the more truly the flow of liquid is a capillary phe¬ 
nomenon as opposed to surface-flow phenomena, the greater is the dif¬ 
ference in the distance penetrated, between pure water and water with 
solute. This difference was, however, more definitely emphasized in the 
great contrast in the ratios of the rates of disappearance of l-cc portions 
of water and Vatsol solution in natural Douglas fir wood and the loosely 
pressed pulp, concerning which the data have been previously given. 

The greater penetrativity of pure water than that of Vatsol solution 
in citrus bark is of special interest since it has been shown that water will 
not enter under the armor of the California red scale unless its surface 
tension is greatly reduced. The matted threads of wax (fig. 5) under the 
body of the red scale make a waxy capillary system, as has been men¬ 
tioned before. On this wax the contact angle of water is high, whereas on 
wood it is relatively low. Obviously, reduction in surface tension must 
reduce the penetration differential of water flowing in wood and scale 
wax, just as it does in the case of water flowing in glass and wax capil¬ 
laries (fig. 8). 

Experiments with Spray OH .—^Unfortunately it is difficult to reduce 
the surface tension of spray oil. The surface tension is already so low 
that very few solutes are sufficiently surface-active in oil to reduce its 
surface tension more than an unappreciable amount. Pertinent in this 
regard also are the observations of Langmuir and Harkins (see Clark, 
3, p. 324) that the surface energy of liquids is determined principally 
by the structure of the surface layer of atomic groupings. The liquid 
h 3 ’^drocarbons have methyl groups at the ends of their chains; conse¬ 
quently the surface energies of different compounds are approximately 
equal and are independent of the length of the chain. Even the alcohols 
passess about the same surface energy as hydrocarbons because the 
methyl groups are on the surface, with the polar hydroxyl groups point¬ 
ing inward. 

Glycerjd monooleate, which is so effective in retarding the penetra¬ 
tion of oil into waxy substances such as leaf cuticles because of the 
polarity given it by its hydroxyl radicals (7), has no effect in decreasing 
the penetration of oil into porous bark because in this case the penetra¬ 
tion is a capillary phenomenon, and the gljrceryl monooleate, having no 
effect on the surface tension or the viscosity of the oil, has no effect on 
the penetration of the oil into capillary tubes, regardless of the chem¬ 
ical composition of the tubes. This is obvious from an inspection of the 
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formulas for capillary flow. Hoover, tests were made to dmnoustrate 
this point. 

In an experiment in whidi 1-mro glass capillaries were cleaned and 
coated with beeswax in the same manner as described before with re¬ 
gard to the experiments with aqueous solutions, the bright to which 
columns of oil with and without 1 per cent glyceryl monoSleate as¬ 
cended in the capillaries was observed and recorded. Each ^;are g^ven 
below is the average of five measurements of the distance reached by the 
column of oil. In the clean glam capillaries, a grade 3 (light-medium) 
OH rose to a height of 1.03 ±; 0.05 cm, and the same oil with 1 per cent 
glyceryl monooleate rose to a height of 1.00 =t 0.05 cm; the correspond¬ 
ing figures for the rise of the oils in the waxed capillaries were, respec¬ 
tively, 1.40 rt 0.07 cm, and 1.36 ± 0.03 cm. The addition of glyceryl 
monooleate caused no significant difference in the heights of the col¬ 
umns of oil in either the clean glass or the waxed capillaries. 

SOME INSECTICIDAL TESTS WITH AQUEOUS 
SOLUTIONS 

The penetration of oil under the body of a red scale (fig. 5) appears to be 
a prerequisite to lethal effect (6). This, in turn, suggested that if toxic 
aqueous solutions could be made to penetrate under the scale insect’s 
body, they might result in death to the insect either by tracheal penetra¬ 
tion, or, if the spiracles were not reached, by penetration of the ventral 
covering (6) of the insect. The possibility of the latter action is en¬ 
hanced by the fact that once the liquid has penetrated the waxy margin 
of the insect and is under the body, it is practically unaffected by evapo¬ 
ration. On the exposed portions of an insect an aqueous solution is 
quickly removed by evaporation. 

The contact-angle measurements of aqueous solutions with various 
solutes served as a valuable guide in the search for liquids with maxi¬ 
mum spreading ability on waxy surfaces. Certain organic acid deriva¬ 
tives proved to be especially effective in reducing the contact angle of 
water on leaves and other waxy surfaces. Water containing these so¬ 
lutes above a certain concentration was able to penetrate the waxy mar¬ 
gins of the scales and flow under their bodies. Concentrations of other 
wetting agents far beyond any amounts that would be practical in 
commercial usage were not sufficient to produce this effect. 

The waxy layer (fig. 5) between the body of a red scale and its sub¬ 
stratum (fruit, leaves, bark, etc.) is not homogeneous, but comprises a 
mass of rather loosely woven threads of wax exuded from the pygidium 
of the insect (6). If the contact angle of an aqueous solution is suffix 
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eiootly reduced, the solution is able to flow through this mat of waxy 
threads in much the same manner as oil; yet it has an advantage over oil, 
for being an aqueous solution it does not have the wax-dissolving prop¬ 
erties of oil and consequently does not soak through the waxy cuticle of 
the leaves, except perhaps to an unappreciable extent. Aqueoms solu¬ 
tions may have the spreading properties of oil without the ability of oil 
to penetrate solid wax. For this reason toxic materials injurious to 
plants put in aqueous solutions in concentrations sufficient to cause 
death of insects with safety to the plant would cause serious injury to 
the plant when put in oil and applied in a dilute oil spray. 

In his attempts to find a nicotine spray which would be satisfactory 
for use against the woolly aphid, Eriosoma lanigerum (Hausm.), Qreen- 
slade (12) had a problem similar to the one encountered in attempting 
to make aqueous solutions kill red scale. He found that the aphids were 
killed by a 0.025 per cent concentration of nicotine if the spray liquid 
actually reached the bodies of the insects, but that it was difficult to wet 
and penetrate the mass of wax threads which cover each insect and be¬ 
come interlaced over the top of the colony. The effectiveness of the spray 
against the aphids was so closely correlated with spreading ability that 
Qreenslade used the jwreentage of kill as a criterion of spreading power. 
With a 0.025 per cent nicotine solution the per cent kill increased from 
1 to 96.6 as the per cent concentration of a soft-soap solution was in¬ 
creased from 0.1 to 3.0 (fig. 9). 

The penetration of aqueous solutions under a red scale’s body may be 
demonstrated by coloring the solution with a dye, such as saure fuchsin. 
Although not enough dye is carried under the insect’s body to give a gen¬ 
eral colored appearance, yet where irregularities of the body occur, such 
as body segments or fragments of wax, an accumulation of dye occurs 
and can readily be seen with the aid of the low-power objective of the 
microscope. 

Often when adult red-scale females are dislodged from a fruit, one 
or more newly emerged larvae (“crawlers”) may be seen under the 
armor in the region of the pygidium. The toxic aqueous solutions which 
were tried with 0.1 per cent Vatsol OT flowed under the scale armor and 
killed these crawlers. If the same solution is used with 0.05 per cent 
Vatsol OT, an occasional crawler may be found alive, while if only 0.01 
per cent Vatsol OT is added to the solution, it does not have the ability 
to spread under the scale armor to any great extent and consequently 
the majority of crawlers are not reached by the solution and may be 
seen crawling about actively when the scale is turned on its ventral side 
and examined with a microscope. As has been stated previously, 0.01 per 
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cent Yatsol OT has about the same effect in reducin’g the contact angle 
of water on a leaf surface as 0.5 per cent sulfated alcohol or 0.5 per cent 
sodium oleate. A solution may give a complete wetting of a surface with¬ 
out having the ability to penetrate under the scale armor. For example, 
if twice as much blood albumin spreader as is ordinarily used in com¬ 
mercial spraying (8 ounces per 100 gallons of water) is placed in an 

TABLE 8 


THB iKFLOENdE OP THE WETTIHO AGENT ON THE EpPICACY OP AQUEOUS SOLUTIONS OP 
SoDiuu Dinitho-o-cyclobextupbenatb Against Caupoenia Bed Scale 


Test 

Concentration 
of toxicant, 
per cent 

Wetting agent 

Concentration 
of wetting 
agent, per cent 

Number 
of inaectB 
counted* 

Net 

mortality, t 
per cent 

1 

0.1 

Vatsol OT 

0.026 

2.141 

21.2 :i= 0 73 

2 . 

0 1 

Vateol OT 

0.05 

1,872 

67.3 dh 0.94 

3 . 

0 1 

VatBol OT 

0 1 I 

3,306 

73.6 db 0 53 

4 

0 It 

Vatsol OT 

0.1 

2.348 

83 2 rb 0 63 

5 

0 1 

Vataol OT 

1.0 

3,447 

80.7 dr 0.55 

6 . 

0.2 

Vataol OT 

1 0 

2,313 

84 8 dr 0 61 

7 

0 5 

Vataol OT 

1 0 

1,7S3 

99.5 db 0.14 

8 .. 

0 1 

Tergitol 

0.1 

3,416 

32 7 dr 0 67 

9 . 

0.05 

Tergitol 

1.0 

2,731 

69 2 db 0 73 

10 

0,1 

Tergitol 

1 0 

2.249 

1 78.0 d: 0 84 

11 .. 

0 1 

Blood albumin 

0 03 

1,237 

0.0 

12 . 

0 1 

Blood albumin 

0 3 

1,825 

46 6 dr 0 96 

13 

0 1 

None 


940 

0 0 

14 . 

0 0 

Vataol OT 

1 0 

1.362 

0.0 

15 

0 0 

Tergitol 

1.0 

1,673 

0 0 


* There were 4,741 insects in the control, of which 6d.2 per cent were alive. 

t Calculated as when z»:percentage left alive in untreated lot and percentage loft alive in 


treated lot. Probable error computed from the formula P.E.«0,6746\/-O.., when p«*not per cent mor- 

\n-“d 


tality; «100 — net per cent mortality: n* number of insects counted; and d » number of n which would 
have died from natural causes during the course of the experiment as determined by the percentage of 
dead insects in the check. 


t The toxicant was dissolved in acetone and the acetone solution was used at 1.0 per cent concenlrat ion. 


aqueous solution sufficiently toxic to kill the crawlers which happen to 
be located under the armor of a scale, none of the crawlers will be killed 
by the solution, even though a uniform wetting of the surface of the 
scale-infested fruit is obtained. If a more effective spreading agent is 
added to the solution containing the blood albumin, it will flow under 
the scale armor and kill the crawlers and the adult insect also, provided 
the aqueous solution is sufficiently toxic. 

Data on the insecticidal effect of a compound known as dinitro-o- 
cyclohexy]phenol were first published by Kagy and Richardson (14), 
who dissolved the compound in oil. In the present investigation, dinitro- 
o-eyclohexylphenol was used in aqueous solutions in the form of a so- 
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dium salt. Kagy* had already determined the merits of this particular 
salt of dinitro-o-cyclohexylphenol as well as other salts of the same com¬ 
pound as early as 1931. 

The test insects were California red scale infesting grapefruit. Counts 
were made on adult and gray-adult (ff) insects only. The scale-infested 
fruits were dipped in the toxic solutions and kept at a temperature of 




Fig. 9.—The effect of the .iddition of spreader to contact sprays on their effective¬ 
ness against insects protected by waxy barriers. A, Mortality curve of woolly aphid 
with increasing concentrations of soap in a nicotine solution (after Greeiislade). 
P, Mortality curve of red scale with increasing concentrations of Vatsol OT in a 
sodium dinitro-o-cychihexylphenate solution. 

67° P and a relative humidity of 70 per cent for 20 days before being 
examined. The results of the experiment are tabulated in table 8. Insect 
mortality was rather closely correlated with the spreading ability of the 
solution. 

In test no. 4, dissolving the toxicant in acetone caused it to be dis¬ 
solved in the aqueous solution more rapidly and completely when the 
acetone solution was poured into the water than if the toxicant had been 
added directly to the water without an intermediary solvent. This was 
reflected in the improved kill as compared to test no. 3. In test no. 11, 
the amount of dry blood albumin was about in the proportion in which 
it is used commercially in the tank-mixture method of using oil spray. 

• Kagy, J. F. 1931. Beport of Crop Protection Institute Investigation, Dow Chem¬ 
ical Company Fellowship. (Unpublished manuscript.) 81 p. On file with the Chop 
Protection Institute, Durham, N. H. 
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Figmv 9 the relation of the inaeetieidal effiewiuiy id two toxio 
aqueous solntions to the spreading abilitsr of the sointions as determined 
by the concentration of the spreader. Curve A depicts the increase in 
mortality of the woolly apple aphid, Eriosoma Umigerum (Hansm.), 
from a 0.025 per cent nicotine solution as the per cent of soft-soap solu¬ 
tion was increased from 0.1 to 8.0 (12 ). The increase in mortality of 
California red scale, Aonidiella aurantU (Mask.), from 0.1 per cent solu¬ 
tions of sodium dinitro-o-cyclohexylphenate as the concentration of Vat- 
sol OT was increased from 0.025 to 1.0 per cent is shown in B. In either 
case the limiting factor in the use of the solutions as far as insecticidal 
eflSoiency is concerned, is not the toxicity per se of the solutions, but the 
ability of the solutions to penetrate the mat of waxy threads covering 
the aphids in one case and the waxy capillary system beneath the bodies 
of the scales in the other. 

The sodium dinitro-o-cyclohexylphenate solutions were used in the 
present experiment only to show the relation of spreading to insecti¬ 
cidal efficiency; the writer does not wish to imply that the toxicant in¬ 
volved shows promise as a practical insecticide for use on citrus trees in 
the way it was used in the present experiment. As far as is known to 
date, the phytocidal effect of the compound limits its use in this regard. 

SUMMARY 

Although the static contact angle may not be a true index of the wetting 
and spreading properties of a liquid under the dynamic conditions 
which obtain during the actual spraying operation, it indicates the 
spreading and penetrating qualities of the liquid after it has been de¬ 
posited on the plant surface. 

An attempt was made to devise a means of contact-angle measurement 
which would combine practicability and accuracy. Previous methods of 
contact-angle measurement have been based on the projection or reflec¬ 
tion of the image of a solid faw immersed in a liquid in such a way that 
the angle made by the water/air surface with that of the water/solid is 
at the minimum value of the contact angle, or by the projection of pho¬ 
tographic negatives made of drops of liquids resting on solids. Measure¬ 
ments of the contact angle liquid/solid are then made by means of a 
protractor on the projected or reflected image. 

The present method involves the projection of a drop of liquid resting 
on a perfectly horizontal substratum and the tracing of the projected 
image. A mieroprojector built for material mounted on microscope 
slides was adapted, after minor adjustments, for the purpose of project¬ 
ing liquid drop outlines. 
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The outlineB of drops 5 mm in diameter were found to be elliptical, 
but were practically circular for liquids with contact angles less than 
66®. Smaller drops retain a spherical shape at even higher contact an¬ 
gles. The contact angles may be derived by differentiation of the equa¬ 
tion of the drop outline. If the drop is a segment of a sphere, a more 
simple method may be employed for calculation of the contact angle. 

It was shown statistically that five measurements of the contact angle 
of a given liquid are sufficient to establish a highly significant mean and 
that a difference as low as 3° 32' can be reliably determined. Size of drop 
had no significant effect on contact angle. 

The nature of the substratum was found to have a great influence on 
the contact angle liquid/solid. Thus, leaves of different plant species, 
leaves of different ages on the same plant, and different sides or portions 
of a single leaf cause variation in the contact angle of a given liquid. A 
great difference in the contact angle of oil on leaf wax and oil on the wax 
of scale insects was found, the former being the greater. 

Various solutes were tested with reference to their effect in lowering 
the contact angle of water and oil on various solids. The relative spread¬ 
ing ability of solutions on one substratum does not necessarily indicate 
their relative spreading ability on other substrata. Thus Vatsol OT was 
found to be a more effective spreader per unit concentration than sodium 
oleate on Viburnum leaves but less effective on beeswax. 

According to the formula for rate and distance of penetration of 
liquids in capillary tubes, a reduction of the surface tension and conse¬ 
quently of the contact angle of a liquid may increase its penetrativity 
into tubes on the inner surface of which it has a high contact angle, but 
reduces its penetrativity in tubes on the inner surface of which it has a 
very low or zero contact angle. This principle was experimentally veri¬ 
fied with aqueous solutions in chemically clean glass tubes as contrasted 
to waxed glass tubes. The practical application of the principle is that 
by a reduction of surface tension the rate of penetration of aqueous 
solutions into porous solids such as bark, on which the solutions have a 
very low contact angle, may be decreased and their rate of penetration 
through the waxy threads exuded by insects, or under their bodies and 
into their spiracles, may be increased. Consequently the usual great dif¬ 
ferences in the rate of penetration of the solutions into insects and their 
substrata, if they happen to be located on porous bark, is reduced. 

The surface tension of water may be sufficiently reduced by the addi¬ 
tion of some of the more effective wetting agents so that toxic aqueous 
solutions can penetrate under the body of the red scale, Aonididla <m~ 
rantii (Mask.), and cause the death of the insect. The i>ercentage of 
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mortality of red scale from a given toxicant was found to be correlated 
with the effectiveness and concentration of the spreading agent; the 
more effective spreading agents and the higher concentrations resulted 
in greater insecticidal efficiency of the solution. The penetration of 
aqueous solutions under the body of the red scale may be demonstrated 
with the aid of a water-soluble dye. 
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